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THE VISIBLE ABSORPTION BAND OF REDUCED LUCIFERIN 


By AURIN M. CHASE 


(From the Physiological Laboratory, Princeton University, Princeton) 
(Received for publication, February 9, 1945) 


The visible absorption spectrum of Cypridina luciferin (the substrate 
in a bioluminescent reaction (Harvey (5))), carried through two cycles of 
purification (method of Anderson (1)), has been measured in phosphate 
buffer of pH 6.8 (Chase (3)). These measurements were made with the 
Hardy recording spectrophotometer (Hardy (4)), which permits the 
tracing of an absorption spectrum within 5 minutes after the dry luciferin 
was dissolved. As Anderson (2) has shown, luciferin is reversibly oxidized 
by air to a compound which will not react in the ordinary way with the 
enzyme, luciferase, to give light. The measurements of the absorption 
spectrum by Chase (3) showed initially a band at about 435 my, which was 
replaced, within 20 minutes exposure to air, by one at about 465 mu. The 
latter then disappeared during some 6 hours of additional exposure to air, 
leaving the solution practically colorless. 

These spectral absorption data were interpreted by Chase (3) as showing 
that the 435 mu band represents reduced luciferin ; z.e., before any reaction 
with dissolved oxygen in the solvent has occurred. The band would 
therefore be an important property of the luciferin molecule, especially 
in conjunction with the subsequent changes in the absorption spectrum. 
It has become apparent, however, that an alternative interpretation of 
these data may be possible. The measurements described above were 
made on a solution which contained dissolved oxygen. It might therefore 
be that the band at 435 my does not represent reduced luciferin but, rather, 
that reduced luciferin is colorless and the band appears during the short 
interval when the freshly dissolved luciferin is in contact with oxygen in 
the solvent before the initial absorption spectrum is measured. It is 
hecessary, consequently, to determine which of these two interpretations 
is correct. 

Examination of the absorption spectrum of luciferin? freed from color 
impurity by two cycles of purification and dissolved and measured in com- 
plete absence of oxygen, would settle this point, since under such conditions 
there is no opportunity for reaction with oxygen and the absorption spectrum 
Would be quite stable. Unfortunately, no such data exist, since only 
luciferin from a single cycle of purification has been measured in this way (3). 


*The term ‘reduced luciferin,” as used here, means luciferin that has not reacted 
spontaneously with oxygen. 
1 
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However, these latter data can be made to yield the desired information, 
without the necessity for a specific experiment (which would require a 
relatively large amount of the limited supply of Cypridina material), 
Although the yellow impurity remaining after a single cycle of purification 
largely obscures specific visible absorption by luciferin itself, the changes 
in the absorption spectrum of an aerobic solution during exposure to air 
represent only luciferin and the absorption due to impurity is stable (3), 
Therefore, the spectrum of such a solution after prolonged exposure to 
air (when the luciferin has become colorless and the remaining color repre- 
sents only impurity) can be subtracted from the initial spectrum of the 
same solution (measured as soon as possible after the luciferin was dis- 
solved) and the ‘difference spectrum”’ should be that of the luciferin alone. 
As will presently be shown, the initial spectrum of the luciferin solution 
containing dissolved oxygen is the same as the spectrum of the luciferin 
solution prepared and measured in complete absence of oxygen. Con- 
sequently, both these solutions yield the same “difference spectrum” 
(representing reduced luciferin, freed from stable colored impurity), which 
turns out to have an absorption band at 435 mu. 


Analysis of Data, and Conclusions 


Analysis of the data is somewhat complicated, since the luciferin solu- 
tions compared had been measured under rather different experimental 
conditions. Both contained luciferin from the same stock, having been 
carried through a single cycle of purification, but, while qualitatively the 
same, they differed in concentration. Furthermore, the anaerobic solution 
was measured in a 50 mm. absorption cell with nothing in the comparison 
beam of the spectrophotometer, whereas the aerobic solution was in a 10 
mm. cell and the spectrophotometer’s comparison beam passed through 
an identical cell containing distilled water. In the former case, therefore, 
the cell’s reflection and slight selective absorption contributed to the | 
spectrum measured. The spectrum of the 50 mm. cell containing water | 
has subsequently been obtained* with the same instrument used for the ; 
other measurements, and the values of —log 7 have been subtracted 
from the corresponding ones for the anaerobic luciferin solution. This 
gives an absorption spectrum uninfluenced by reflection and absorption } 
of the cell and comparable to the initial spectrum of the freshly prepared | 
aerobic solution. 

? The point of interest when this spectrum was measured was not specific absorp- 
tion but, rather, whether or not the color of the solution was stable in the absence 


of oxygen. 
* Dr. A. C. Hardy and Dr. 8. Q. Duntley, of the Massachusetts Institute of Tech 


nology Color Measurement Laboratory, very kindly supplied these measurements. 
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A. M. CHASE 3 


Table I contains the values for the anaerobic luciferin solution minus 
the values for the cell, as well as those for the solution which was measured 
as soon as possible after the dry luciferin was dissolved in the aerobic solvent. 
Since these two sets of values involve differences only of luciferin concen- 


TaBLeE I 





—Log T Values Used in Construction of Fig. 1 












































iene Donat Anaerobic solution, Initial measurement, Final measurement, 
ave-lengtt corrected for cell aerobic solution aerobic solution 
mu | aah 

400 | 0.478 0.347 0.215 
420 | 0.478 0.347 0.097 
440 0.424 0.314 0.060 
460 0.301 0.229 0.043 
480 | 0.169 0.131 0.034 
500 0.105 0.078 0.024 
520 0.089 0.060 0.018 
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Fie. 1. (A) Values of log (—log 7’) from an aerobic luciferin solution measured 
a8 soon as possible after the luciferin was dissolved, and values from an anaerobic 
luciferin solution. The two curves have been shifted on the vertical axis to coincide, 
showing that the absorption spectra of the two solutions are qualitatively identical. 
(B) The uppermost curve represents the spectrum of the luciferin solution measured 
48 soon as possible after dissolving the luciferin in an aerobic solvent. The lowest 
curve is the spectrum of the same solution after prolonged exposure to air, when no 
further change will occur. The middle curve is the difference between these two 
spectra, and consequently represents the luciferin itself. It shows a maximum at 
about 435 mu. 


tration and of optical depth of the absorption cells, the two spectra can 
easily be compared for qualitative similarity by plotting as log (—log 7). 
Concentration differences, both real and apparent, cancel out when the 
curves are plotted in this way. If the two curves can be made to coincide 
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by shifting one of them on the log (—log 7) axis, the two solutions, an- 
aerobic and aerobic, are identical in spectral absorption. 

Fig. 1, A shows the values of log (—log 7) plotted against wave-length 
in my, and shifted on the vertical axis to coincide. It is quite apparent 
that there is no significant difference between the absorption spectra of 
the two solutions. 

Having established the identity of the spectra of the oxygen-free solution 
and the freshly prepared aerobic solution, we must determine whether or 
not they show the 435 my absorption band when corrected for absorption 
by stable, colored impurity; this was done by subtracting from the initial 
spectrum of the aerobic, unstable solution its final spectrum after prolonged 
exposure to air. The necessary numerical values are presented in Table I. 
The initial, final, and ‘‘difference’”’ spectra are plotted in Fig. 1, B. The 
difference spectrum clearly shows a maximum at about 435 mu, just as is 
found from direct measurement of freshly prepared aerobic solutions of 
luciferin that has been carried through two cycles of purification so as to 
remove most of the stable, colored impurity which remains after a single 
cycle. 

Since the absorption spectrum of the anaerobic luciferin solution has 
been shown to be identical with that of the aerobic solution immediately 
after the luciferin is dissolved, the same absorption maximum, at 435 mg, 
must exist when the luciferin is dissolved and measured in complete absence 


of oxygen as when oxygen is present in the solvent. This absorption band | 


must, therefore, be a property of reduced luciferin. 


SUMMARY 


By an analysis of spectrophotometric data on Cypridina luciferin solu- | 


tions it is shown that the absorption band at 435 my which has been 
observed for freshly prepared aerobic luciferin solutions is not due to 
initial reaction of the luciferin with oxygen dissolved in the solvent. The 
band is a property of reduced? luciferin. 
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THE EFFECT OF CHOLINE INTAKE AND ENVIRONMENTAL 
TEMPERATURE ON THE EXCRETION OF CHOLINE 
FROM THE HUMAN BODY* 


By B. CONNOR JOHNSON, T. 8. HAMILTON, anno H. H. MITCHELL 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, March 5, 1945) 


Choline was shown to be essential for the rat by Best and Huntsman 
(1) and for the dog by Schaefer, McKibbin, and Elvehjem (2). Mills (3) 
has reported an increased choline requirement for rats kept under high 
environmental temperatures. However, the experiments were not suffi- 
ciently well controlled, nor adequately analyzed statistically, to sup»ort 
an unequivocal conclusion. Horowitz and Beadle (4) have develop 1 a 
microbiological assay method for choline sensitive enough to determine the 
amounts present in sweat and urine, thus enabling us to study the effect 
of an increased environmental temperature upon the excretion of choline 
by the adult human. Choline balances were carried out under both com- 
fortable and hot environments. 


EXPERIMENTAL 


Four adult male subjects, age 21 to 28 years, were used in this study. 
These subjects remained in a chamber in which the temperature and 
humidity were accurately controlled for 8 hours per day for 5 day periods. 
During the first experimental period “comfortable” conditions of 29° and 
50 per cent relative humidity were maintained. During the second ex- 
perimental period “hot moist” conditions of 37.7° and 70 per cent relative 
humidity were maintained. The subjects were fed a constant diet during 
apreliminary period as well as the experimental periods during which collec- 
tions were made. 

Total skin excretions (body washings and sweat during the hot week; 
body washings during the comfortable week) were collected for the 8 hour 
period in the chamber each day. Collections of the total urinary and fecal 
excretions were made for the 5 day experimental periods, the feces being 
separated by means of fecal markers (charcoal). Aliquots of the food were 
taken each day. The food was preserved by freezing, the feces by drying, 
and the body washings, sweat, and urine with hydrochloric acid. 


* The data reported in this paper were obtained in the course of a project under a 
contract, recommended by the Committee on Medical Research, between the Office 
of Scientific Research and Development and the University of Illinois. 
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CHOLINE EXCRETION 





Assay Procedures—The samples were analyzed for choline by the micro- 
biological procedure of Horowitz and Beadle! (4), 1 per cent asparagine 
being added to their basal medium to give somewhat better growth. 

The choline content of the body washings and sweat was so low that a 
concentration procedure was necessary. It was found that the permutit 
adsorption column in the original procedure could be used satisfactorily 
for this purpose. 100 to 200 cc. of body washings (or diluted sweat) were 
adjusted to pH 6.5 and put through columns as described by Horowitz (4). 
Each column was then eluted with 10 ec. of 5 per cent NaCl and the two 


TaBLe I 
Intake and Output of Choline under Comfortable and under Hot Moist Conditions 

















































































































eat Cho- Choline output Cho- | Per cent of intake excreted 

od Condition | ject _ uae ref ; 
take seme bam Skin | Total | ance*| Feces} Urine | Skin | Total 

| mg. | mg. mg. | mg. me. | mg. 

34th | Comfortable | C oro 3.32) 6. oop. .023) 9.42'614.4) 0.53) 0.97/0.0036| 1.51 
| | D 856.8) 4.52) 7.85)0. 073/12.44|844.4| 0.53] 0.92/0.0085| 1.45 
| E rete 3.20| 4.2810.023| 7.50|665.7| 0.48) 0.640.034] 1.11 
| F {763.6) 1. 65) 3.94/0.015] 5.60/758.0) 0.22) 0.52/0.0019) 0.73 
atten Sia eeentiskt 729.4) 3 23.17 8.54 5.54/0.034| 8.74|720.6) 0.44) 0.76/0.0044| 1.20 
35th Hot moist | C |694.8) 2.59) 3.43/0.067| 6.09/688.7| 0.37) 0.49/0.0096; 0.88 
D (|898.7| 5.31 6 .83)0.101 12.24/886.5) 0.59) 0.76/0.0112) 1.36 
| E (691.0) 4.72) 4.13)0.063) 8.91 om. 0.68) 0.60/0.0091} 1.29 
F (690.8) 2.48) 4.86/0.075| 7.42/683.4) 0.36; 0.70/0.0108) 1.07 
bid a il i aie |I—— aad as ae 
ye te rere 743.8) 3.78) 4.81 0.076) 8 .66|735.2} 0.50) 0.64/0.0102) 1.15 

















* This would include any choline retained as well as the choline catabolized in the 
tissues. 


eluates combined and analyzed as usual. Recoveries of added choline of 
98 per cent and 100 per cent were obtained. 

All the choline in sweat and in urine was found to be present in the free 
form, no higher values being obtained after acid hydrolysis. The same 
finding has been reported for urine by Luecke and Pearson (5). 


Results 


The choline balances of the four subjects are given in Table I. From 
this table it can be seen that only a very small percentage (0.73 to 1.51) 
of the choline intake is excreted. There is no significant difference in the 


1 We are indebted to Dr. Horowitz for a culture of Neurospora crassa cholinelest 
No. 34486. 
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total excretion of choline under comfortable as compared to hot moist 
conditions. However, there is a significant increase in the skin excretion 
of choline under the hot moist conditions. This is balanced by a con- 
comitant decrease in urinary output of choline. 

Table II gives the choline concentration data for undiluted sweat ob- 
tained while subjects were on a normal diet and on the same diet plus 6 
gm. of added choline. In all cases except Subject D there is a definite 
increase in the concentration of choline in the sweat after choline dosage. 


DISCUSSION 


Only a very small proportion of the choline intake in this study was found 
to be excreted as unchanged choline. Expressed as a per cent of the intake, 
the losses of choline were 0.44, 0.76, and 0.0044 in feces, urine, and skin 
excretions, respectively, during the comfortable period; and 0.50, 0.64, 


























TaBLe II 
Choline Content of Undiluted Sweat, with and without Choline Dosage 
Subject Choline concentration (no addi- Choline concentration (6 gm. cho- 
oy tional choline administered) line chloride in addition to diet*) 
¥ per 100 cc. ¥ per 100 ce. 
C 2.7 7.5 
D 15.3 8.5 
E 6.1 8.8 
F 4.4 9.2 
aL lied ta a 7.1 8.5 





* Choline given in addition to that in the diet. 


and 0.0102 in feces, urine, and skin excretions, respectively, during the 
hot moist period. Apparently 98.5 to 99 per cent of the choline ingested 
was metabolized in the body. 

Of the small amount of choline excreted 63.5 per cent was excreted in the 
urine, 36.2 per cent in the feces, and only 0.3 per cent through the sweat 
during the “comfortable” period. During the “hot moist” period the 
comparable figures were 55.5 per cent, 43.6 per cent, and 0.9 per cent. 

A “hot moist’”’ environment was found to have no effect on the loss of 
choline from the body. This does not necessarily imply that there is not 
an increased requirement in the body. 


SUMMARY 


1. Choline balances were determined on four adult male subjects on an 
adequate diet under “comfortable” and under “hot moist” environmental 
tonditions. 
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| 2. Only 0.7 to 1.5 per cent of the choline intake was excreted as choline. 
3. No increase in total choline excretion was found under “hot moist” 
conditions. 


4. Choline was found in undiluted sweat in amounts of 2.7 to 15.30 7 
of choline per 100 cc. 
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A COLORIMETRIC METHOD FOR THE MICRODETERMINA- 
TION OF a-ALANINE IN BLOOD* 


By BENJAMIN ALEXANDER anp ARNOLD M. SELIGMAN 


(From the Medical and Surgical Research Laboratories, Beth Israel Hospital, and the 
Departments of Medicine and Surgery, Harvard Medical School, Boston) 


(Received for publication, February 19, 1945) 


In connection with investigation of intermediary metabolism the need 
arose for a specific micromethod for the determination of a-alanine in 
blood. Methods already proposed for the measurement of alanine were 
not only too insensitive for use on blood or other biological material in 
which the amount of alanine is very small but also lacked simplicity and 
specificity for general use. 

Among these methods is that of Firth, Scholl, and Herrmann (1), 
who converted alanine to lactic acid by means of nitrous acid. Using 
0.1 to 0.5 mg. of alanine, they determined the lactic acid by the technique 
of Friedemann, Cotonio, and Shaffer (2). More recently Bloch et al. (3) 
measured the lactic acid thus produced by converting it into acetaldehyde 
by oxidation. The acetaldehyde was measured with p-hydroxybiphenyl. 
Both methods (1, 3) require not only a predetermination of lactic acid and 
acetaldehyde in those biological materials in which these substances may 
occur, but also removal or measurement of other agents readily yielding 
these substances. Thus the method of Bloch et al. (3) requires a simul- 

»taneous determination of threonine, since it too yields acetaldehyde on 
oxidation. 

More recently Bergmann (4) described a gravimetric method in which 
dioxpyridic acid is employed to precipitate the alanine. This method is 
unsatisfactory for micro measurement. Furthermore incomplete recoveries 
of alanine by this technique necessitate the application of correction factors 
calculated from recoveries of added alanine. 

During the course of this investigation we learned that Virtanen et al. 
(5) in 1940 published a method for alanine determination based upon the 
same reaction which we employ. For reasons which will appear later their 
method is not only less specific, but also less sensitive than the one we 
propose. 

The reaction of ninhydrin (triketohydrindene hydrate) with amino acids 
to give carbon dioxide and the aldehydes of the decarboxylated and de- 


* This investigation has been aided by a grant from the Josiah Macy, Jr., Founda- 
tion. The work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and Harvard University. 
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been well elucidated (6-9). According to Ruhe- 
according to the accompanying formula. 
or resulting from further 


aminated amino acids has 
mann (7), the reaction proceeds 
Calvery (10) stated that measurement of the col 
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Slyke and Dillon (11) and Mason (12) have measured the carbon dioxide 
evolved in the course of this reaction from which the total amino acid 
content was calculated. The former authors found that the reaction was 
specific for carboxyl groups of amino acids, 1 mole of CO, being liberated 
from 1 mole of amino acid within 3 minutes. The dicarboxylic acids, 
aspartic and glutamic, yielded 2 moles of CO, but in the latter the 2nd 
mole of CO: was liberated much more slowly than the Ist one. Under 
practically the same conditions, Mason (12) could recover only 75 to 90 
per cent of the theoretical CO, from alanine. Both authors agree that the 
reaction is specific for compounds having primary amino groups in the a 
position to carboxyl groups; peptides and @- and e-amino acids do not yield 
aldehydes and carbon dioxide. 

Our method for the determination of alanine is based upon its conver- 
sion by ninhydrin to acetaldehyde, which is separated from the reaction 
mixture and measured from the color produced when it is allowed to react 
with p-hydroxybiphenyl. By the method outlined below alanine can be 
recovered quantitatively from blood and from hydrolysates of polypep- 
tides (Table I) with good duplicability (Table IT). 


Procedure 


Reagents— 

Ninhydrin solution, 1.0 gm. in 100 ml. of H,O (triketohydrindene hy- 
drate, Eastman). 

Phosphate buffer, pH 5.5 (glass electrode). 3.5 gm. of tripotassium 
phosphate (K;PO,) are added to 100 ml. of a 20 per cent solution of primary 
potassium phosphate (IKCH:PQ,). 

10 per cent sodium tungstate solution. 

0.66 N sulfuric acid. 

1.0 per cent sodium bisulfite solution. 

4.0 per cent copper sulfate solution. 

1.5 per cent solution of p-hydroxybipheny] in 0.5 per cent sodium hy- 
droxide. 

c.p. sulfuric acid, concentrated, sp. gr. 1.84. 

In the flask of a specially constructed aeration still (Fig. 1) are placed 
5.0 ml. of a protein-free blood filtrate (1:10 dilution) prepared according 
to Stotz (13) as follows: 1.0 ml. of blood was added to 7.0 ml. of water 
and 1.0 ml. of sodium tungstate solution was then added, followed by 1.0 
ml. of 0.66 N sulfuric acid. After standing, the precipitate was removed 
by filtration or centrifugation. To 5.0 ml. of this filtrate are added 1.0 
ml. of ninhydrin solution, 2 ml. of the phosphate buffer, and a glass bead. 
The flask is then attached to the aeration still on the receiving end of 
which is connected a test-tube containing 8.0 ml. of sodium bisulfite solu- 
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tion. This tube is kept cold with an ice bath. The apparatus is then 
connected to gentle suction. The reaction mixture is brought to a boil 


TABLE I 


Recovery of Alanine 














; |Recovery | 
Material bik JB yy 44) Method 
| alanine | 
a SS ee _—— — 
Y Y Y per cent | per cent | 
Human blood. . 23.8 | 50.0 | 52.9 105.8 | 96.0 Aeration 
a “ | 23.8 | 100.0 | 94.6 | 94.6 | 95.0 “ 
a a 23.8 | 125.0 |117.2 | 87.0 | 94.0 “ 
ee a | 23.8 | 150.0 |135.4 | 90.3 | 90.5 | “ 
Dog blood* | 45.9 | 13.3] 8.2 | 62.0] 90.7 | “ 
“ “ * | 45.9 | 26.6 | 24.6 | 92.0 | 97.0 | o 
a ae ...{ 45.9 | 40.0 | 34.6 | 87.0 | 94.0 | “ 
y 8 | 45.9 | 53.2 | 52.6 | 98.0} 99.4 | + 
a -......| 45.9 | 66.6 | 65.9 | 99.0] 99.4} “ 
ig ‘, protein-free | | | 
filtrate. . . | 25.0 | 250.0 |262.5 104.8 | 105.0 | Sealed tube 
Gramicidin hydrolysatet 40.0 50.0 | 42.6 | 85.4 | 91.8 8 a 
Amino acid mixture 12.6 50.0 | 43.0 | 86.0 88.8 e “6 


* Variable amounts of glycine as well as alanine were added to each specimen of 


dog blood. 
t We are indebted to Dr. Halvor Christensen of the Harvard Medical School for 


the sample of gramicidin hydrolysate. 


Tas_e II 
Duplicability of Alanine Determination 





Material Alanine 


= a 


| Y 

Blood | 141 

133 
‘* filtrate 23.4 
23.0 
23.4 
27.5 
Alanine standard 110 
112 
| 103 
| 3 113 
| 116 





and refluxed for 75 minutes while a steady stream of air is being swept 
through the apparatus. The receiving test-tube is then removed, the 
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bisulfite solution containing the acetaldehyde is transferred quantitatively 
to a graduated centrifuge tube, and, with the washings, is made to a total 
volume of 10.0 ml. 

1 ml. is analyzed by Barker and Summerson’s method for lactic acid 
(14), as modified by both Stotz (13) and us as follows: 1 drop of 4.0 per 
cent copper sulfate is added, followed by 6.0 ml. of concentrated sulfuric 
acid from a burette. The test-tube is cooled to 37° by being placed in a 
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Fic. 1. Apparatus for aeration of acetaldehyde from refluxing reaction mixture. 
The air inlet tube is placed in contact with the water-cooled condenser to condense 
any steam that may back up during bumping. The sintered glass plug may be re- 
placed by a capillary opening. 


water bath, and 2 drops (0.1 ml.) of the p-hydroxybipheny] solution are 
added. The mixture is agitated vigorously and the test-tube put in the 
incubator at 37.5° for 30 minutes. The tube is placed in a boiling 
water bath for 1.5 minutes and is then cooled to room temperature in a 
water bath. The intensity of the violet color which develops is compared 
with that obtained from a standard alanine or zine lactate (14) solution 
in the Klett photoelectric colorimeter with Filter 540. 

Although the molecular weights of alanine (89) and lactic acid (90) are 
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nearly identical, calibration curves prepared for the determination of lactic ol 
acid (according to the method of Barker and Summerson (14)) cannot be | = 
used, because treatment with copper-lime reduces the density of color. 8 
A separate calibration curve is therefore prepared either from a zinc pe 
lactate solution directly, the copper-lime treatment (14) being omitted, | 
or from a pure alanine solution, according to the procedure outlined above. ol 
al: 
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Fic. 2. Relationship between the amount of alanine converted and intensity of of tl 
color obtained. The line was drawn by inspection through values obtained for | th 
alanine which had been added to blood together with varied amounts of glycine. | et 
cater 
It is evident (Fig. 2) that the relationship between the concentration of | In 
alanine and the intensity of color is linear between 20 and 100 y. The po 
sensitivity of the method as described is limited approximately to 20 7 4 
of alanine in 5.0 ml. of blood filtrate (40 y per ml. of whole blood). For sin 
blood levels lower than this the sensitivity of the method may be increased | ' th 
. by (1) making a more concentrated blood filtrate, (2) using a larger vol- | ry 
at w 


ume of blood filtrate, (3) aerating the acetaldehyde into a smaller volume 
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of bisulfite solution, and (4) redistillation of the bisulfite acetaldehyde 
solution into a smaller volume of bisulfite according to the method of 
Stotz (13). By one or another of these modifications as little as 0.5 mg. 
per cent of alanine in blood can be measured. 

By the method described no acetaldehyde or significant color could be 
obtained from any of the following substances, lactic acid, pyruvie acid, 
alanylglycine, benzoylalanine, 8-alanine, threonine, serine, phenylalanine, 
glutamic acid, tryptophane, cystine, cysteine, valine, ornithine, lysine, 
a-amino-n-butyric acid, methionine, arginine, isoleucine, tyrosine, di- 
iodotyrosine, a-aminoisobutyrie acid, proline, or hydroxyproline. 


DISCUSSION 


Decarboxylation and Deamination of Alanine by Ninhydrin—The ex- 
planation for Mason’s (12) observation that incomplete decarboxylation 
of alanine occurred when it was treated with ninhydrin was found by us 








TaB_e III 
Effect of pH on Conversion of Aspartic Acid to Acetaldehyde by Ninhydrin Reaction 
pH | posavens. of yh acid Procedere* 
i ae a | ter coms Std ae asia ieee te 
4.0 66 | 13.2 | Autoclaved in sealed tube for 10 min. 
4.0 67 | 13.4 Aeration from refluxing mixture for 1} hrs. 
4.5 43 9.0 ce “e cei ce ae 1} “ce 
5.0 40 8.0 | “ ‘6 6“ ““ ‘< 1} “ 
6.5 | 2 | 4.0 | 


“é “ce ee se se 1} “ce 





to be due to the slowness of the reaction. The theoretical yield of acetal- 
dehyde from alanine (0.02 to 0.2 mg.) could be obtained with 10 mg. of 
ninhydrin only after boiling the reaction mixture for at least 1 hour or by 
heating it in a sealed tube in an autoclave at 125° for 10 minutes. Mason, 
on the other hand, ran his reaction at boiling temperature for only 3 minutes 
with 24 times the concentration of ninhydrin we used. Although increase 
of the concentration of ninhydrin does increase the rate cf the reaction, 
the conditions used by Mason did not result in complete reaction, as indi- 
cated by the evolution of COs. 

Interference from Aspartic Acid—If aspartic acid gives 2 moles of CO, 
(12) during its reaction with ninhydrin, acetaldehyde must result. The 
finding of Virtanen et al. (5) that sufficient quantities of acetaldehyde were 
formed from aspartic acid to interfere with the determination of alanine 
if the reaction was conducted at pH 4.0 was confirmed. The yield of 
acetaldehyde from aspartic acid can, however, be influenced by the pH 
at which the reaction takes place (Table III). When the reaction was 
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carried out at pH 5.5 to 5.6, 4 per cent of the aspartic acid was determined 
as alanine, whereas no interference with alanine recovery was noted 
(aeration method). 

Interference of Other Amino Acids—The measurement of acetaldehyde 
in a mixture of aldehydes resulting from the reaction of various amino 
acids with ninhydrin depends first upon the separation of the volatile 
acetaldehyde from the mixture. Although volatile aldehydes other than 
acetaldehyde are produced from several amino acids, most of them do not 
react with p-hydroxybipheny! to give a colored compound. This reaction, 
first described by Eegriwe (15) and subsequently used to measure lactic 
acid (14) and acetaldehyde (13), is highly, but unfortunately not com- 
pletely, specific for acetaldehyde. We have found that besides acetal- 
dehyde, formaldehyde (obtained from glycine), isovaleraldehyde (from 
leucine), n-valeraldehyde (from norleucine), and n-butyraldehyde (from 
norvaline) react with p-hydroxybipheny] to yield colored derivatives. In 
contradistinction to acetaldehyde which gives a violet color, formalde- 
hyde gives a blue-green color (14) and isovaleraldehyde and n-valeralde- 
hyde give a rose-pink color. n-Butyraldehyde, however, gives a violet 
color, almost indistinguishable from that obtained with acetaldehyde. 

Although Virtanen e? al. (5) claim that no volatile aldehyde was pro- 
duced from a reaction mixture containing glycine and ninhydrin, it was 
found that formaldehyde is not only obtained quantitatively,’ but also is 
sufficiently volatile with steam to interfere with the determination of 
alanine. This difficulty could be circumvented by separating the acetal- 
dehyde from formaldehyde by prolonged aeration of the refluxing reaction 
mixture. Such a procedure has been employed by Shinn and Nicolet 
(16) in their method for determining threonine. The acetaldehyde which 
was received into bisulfite was determined by the method of Barker and 
Summerson (14) with slight modification. 

In the absence of glycine and aspartic acid, a prolonged aeration may 
be substituted by direct distillation of the acetaldehyde according to the 


method of Stotz (13). Since the reaction between alanine and ninhydrin | 


is relatively slow, sufficient time must be allowed for its completion. Heat- 
ing at 100° for 1 hour or in the autoclave at 17 pounds pressure for 10 
minutes in a sealed tube is sufficient if 10 mg. of ninhydrin are used. In 
either case the reaction must be run at a pH of 4.0, since it was found 
that at a higher pH substantial loss in acetaldehyde occurred. This 
would seem to indicate that at a pH higher than 4.0 acetaldehyde must 
be removed as fast as it is produced in order to obtain quantitative 
recoveries, because with the aeration method no loss was noted at pH 5.5. 


1 A method for measuring glycine based upon this reaction will appear in another 
publication. 
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Among other aldehydes which are aerated from a refluxing mixture of 
‘amino acids during reaction with ninhydrin is isovaleraldehyde produced 
fom leucine. A cold water trap, interposed between the still and the 
receiving bisulfite solution, did not prevent the isovaleraldehyde from 
being carried over quantitatively into the bisulfite. The recovery by 
Virtanen et al. (5) of 94 to 101 per cent of alanine from a mixture of amino 
acids containing alanine and leucine cannot, therefore, be attributed to 
more efficient condensation by their still, since these authors used essen- 
tially the same technique of aeration as is reported here. More probably 
their apparently complete recovery of alanine is the result of an incre- 
ment of isovaleraldehyde from leucine which offset the incomplete con- 
version of alanine to acetaldehyde because their reaction was allowed 
to run for 30 minutes only. These authors measured aldehydes by their 


TaBLe IV 


Effect of Temperature on Reaction between p-Hydrorybiphenyl and Molecularly 
Equivalent Quantities of Various Aldehydes As Indicated by Klett 
Readings with Filter 540 





Isovaleraldehyde 





, | n-Butyraldehyde 
Reaction Acstaliehyde ioe = eS er 1 ee Se ke ae 
temperature fromalanine| 2? eucine | * ae i 
| norvaline Synthetic leucine* Synthetic 
. | 
| 
5 179 156 
20-25 576 142 179 167 121 126 
37 579 83 114 112 77 39 


* This leucine sample may have contained some alanine which could account for 
the discrepancy at 37° between the values obtained for leucine and synthetic iso- 


valeraldehyde. 


bisulfite-binding power, a method which is not specific for any particular 
aldehyde. 

Effect of Temperature on Interference from Leucine, Norleucine, and 
Norvaline—When leucine was allowed to react with ninhydrin, the re- 
sulting aldehyde gave considerable color with p-hydroxybiphenyl. About 
5 parts of leucine gave the same intensity of color as 1 part of alanine. 
How much of this was due to leucine and how much to possible contamina- 
tion of the sample with alanine was difficult to ascertain. It soon be- 
came evident that the degree of color developed from a constant amount 
of leucine varied with the temperature of the sulfuric acid mixture when 
the p-hydroxybiphenyl solution was added. The effect of increasing 
the temperature at which this reagent was allowed to react with the alde- 
hyde was to decrease considerably the intensity of color produced (Table 
IV). Under the same conditions acetaldel.yde from alanine gave the same 
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degree of color as was obtained at lower temperatures. The colors pro- 
duced from three different samples (one synthetic) of leucine were not only 
greater than that produced from an equivalent amount of freshly redis- 
tilled isovaleraldehyde, but the colors also varied from one to another, 
Since the effect of increasing the temperature of the reaction with the 
sulfurie acid-p-hydroxybiphenyl mixture upon the color produced from 
all samples of leucine was less than on the color obtained with isovaleralde- 
hyde, it would seem that our leucine samples were contaminated with 
alanine. An amount of isovaleraldehyde equivalent to 22 parts of leucine 
is required to give a color of the same intensity as 1 part of alanine. About 
11 parts of our purest sample of leucine will do the same. 

The interference from norleucine and norvaline was more difficult to 
circumvent. The corresponding aldehydes obtained from these amino 
acids in their reaction with ninhydrin are n-valeraldehyde and n-butyral- 
dehyde respectively. About 10.5 parts of norleucine or 6.5 of norva- 
line are required to give a color of the same intensity as 1 part of alanine, 
Here, too, the question arises concerning possible contamination of these 
preparations of the amino acids with alanine. 

The purity of our norleucine sample was not checked by comparing 
the color obtained from it with that produced by equivalent amounts 
of pure synthetic n-valeraldehyde. An increase of the temperature of 
the aldehyde-sulfuric acid mixture before the addition of the p-hydroxy- 
biphenyl, however, had the same effect on the intensity of color as was ob- 
tained with isovaleraldehyde. By raising the temperature to 37° the inter- 
ference from norleucine was reduced (Table IV). This interference should 
occur infrequently, since norleucine is a rare constituent of proteins (17). 

Similarly the color obtained from both synthetic n-butyraldehyde and 





the aldehyde produced from the reaction of norvaline and ninhydrin was , 
decreased by running the color reaction at a higher temperature (Table | 
IV). Equivalents of n-butyraldehyde and norvaline were equally af- | 


fected by this procedure and the colors developed from each were of the 
same intensity. 

Alloxan, which according to Strecker (6) and Ruhemann (7) reacts 
similarly to ninhydrin with amino acids, did not react quantitatively with 


alanine (0.2 mg.). Only a slight increase in acetaldehyde production | 
resulted from lowering the pH to 2 and increasing the concentration of 


alloxan 40 times. 
SUMMARY 


1. A method is described for the microdetermination of a-alanine in 


blood. 
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2. Of twenty-four other amino acids tested, twenty gave no interference; 
the interference of three was largely eliminated. Norvaline interfered 
at most to the extent that 6 parts were required to give the same color 
intensity as 1 part of alanine. 


Acknowledgement is due Miss Gertrude Weinberger for technical as- 
sistance. 
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During the last few years it was observed that anhydrides of carboxylic 
and phosphoric acids appear as intermediates in metabolism. For one of 
these, acetyl phosphate, a method of determination had been worked out 
(1), based on a differential precipitation of calcium acetyl and inorganic 
phosphate with subsequent phosphate determination in the separate frac- 
tions. Such a procedure, founded on a more or less fortuitous behavior of 
the acetyl phosphate, lacked a desirable specificity for the characteristic 
anhydride group. In this communication, a method is described which 
utilizes the reaction of acyl phosphates with hydroxylamine. The acy] part 
of the acid anhydride is converted into hydroxamic acid. 

R-COOPO,;- + H,.NOH — R-CONHOH + HOPO;- 


The hydroxamic acid forms, with trivalent iron, a brightly purplish com- 
plex which in the past has been used for qualitative identification of acid 
derivatives after conversion into acyl chlorides (2), or of aldehydes (Angeli- 
Rimini test) after reaction with nitrohydroxylamine (cf. (3)). An adapta- 
tion of this reaction for quantitative determination was not found in the 
literature, but conditions were obtained relatively easily for measuring, 
quantitatively and specifically, acyl phosphates with the color reaction. 
At high concentrations acid amides react somewhat with hydroxylamine, 
but not at concentration levels expected to occur in physiological experi- 
ments. 0.25 micromole of acyl phosphate, or 8 y of acyl phosphorus, is 
about the lower limit of the present method. 

Following the description of the method, a few examples will be given of 
determination of acetyl and phosphoglycery! phosphate when formed with 
bacterial and muscle preparations. 


EXPERIMENTAL 


Outline—Since acyl phosphates are unstable even at moderate acidity or 
alkalinity, it was desirable to postpone deproteinization until after conver- 
sion into hydroxamic acids had taken place. The hydroxamic acids are 
very stable compounds. The first step in this procedure, therefore, is the 
addition of an aliquot of the test solution to a slightly acid solution of hy- 


* This research was supported by a grant from the Commonwealth Fund. 
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droxylamine. With a concentrated hydroxylamine solution less than 10 


minutes at room temperature are sufficient to convert acyl phosphate quan- 


titatively to hydroxamice acid. 

After the conversion to hydroxamic acid is completed, protein is most 
conveniently removed by trichloroacetic acid precipitation. To develop 
the color, the sample is strongly acidified by addition of hydrochloric acid 
and, without removal of the protein precipitate, a 5 per cent solution of fer- 
ric chloride is added. Depending on the concentration of acyl phosphate, 
the color shade will be from orange-brown to purplish brown, due to the 
presence of the yellow color of the iron ion. The main absorption of the 
purple iron complex is between 540 and 480 my, at which ferric chloride does 
not absorb. 

In the procedure, as described below, the volumes are adapted to the 
conditions of the Klett-SSummerson photoelectric colorimeter. With this 
instrument the whole procedure may be carried out in the same colorimeter 
tube if the protein precipitate is small. After centrifuging, a moderate pre- 
cipitate at the bottom of the tube does not disturb the measurement (4). 
If large protein precipitates are to be handled or the sample has to be clari- 
fied by filtration, a multiple of the stated volumes may, of course, be used. 
The relative concentrations of the reagents, however, have to remain con- 
stant. 

Reagents— 


Hydroxylamine solution. A 28 per cent solution of hydroxylamine hy- 


drochloride (4 M) is nearly neutralized by addition of an equal volume of 14 
per cent sodium hydroxide (3.5 m). The mixture has a pH of 6.4. This 
neutralized hydroxylamine solution is of limited stability and is best pre 


pared daily from stock solution. The solution of hydroxylamine hy- | 


drochloride may be kept for longer periods, preferably in the cold. 
Acetate buffer. A mixture of acetic acid and sodium acetate, both 0.1m 


in 2:8 proportions, pH 5.4. 
Hydrochloric acid. 1 volume of concentrated acid is diluted with 3 


volumes of water. 


Ferric chloride. A 5 per cent solution of ferric chloride, 6H,O, in 0.15 | 


hydrochloric acid. 
Trichloroacetic acid. 12 per cent. 


Procedure 


0.5 to 1 ml. of test solution (the pH may vary from 5.5 to 7.5) is added to 
a mixture of 1 ml. of hydroxylamine solution and 1 ml. of acetate buffer. 
The volume is adjusted to 3 ml. and the mixture kept standing for 10 min 


utes at room temperature. 
Thereafter, 1 ml. each of hydrochloric acid, trichloroacetic acid, and fer- 
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ric chloride solution is added in the indicated order. The protein 
precipitate is removed by centrifugation or filtration and the color measured 
in the Klett-Summerson instrument. For the Evelyn colorimeter all 
volumes are doubled. The Klett Filter 54 or the Evelyn Filter 540 is used 
(Fig. 1). Readings may be taken after 5 to 30 minutes standing. If the 
samples are kept longer, the color fades slowly. 

The procedure may be interrupted for periods up to 20 hours, and prob- 
ably longer, after addition of trichloroacetic acid without the hydrochloric 
acid. At that rather weak acidity, pH 6.1, the hydroxamic acidis stable, 
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ACETYL PHOSPHATE MICROMOLES IN 6 ML. 


Fig. 1. Proportionality between color and acetyl phosphate concentration when 
measured with the Klett and with the Evelyn colorimeters. 


but after standing with the strong hydrochloric acid a slow decrease of color 
was observed. 

Specificity—As described, the method may be considered specific for 
carboxylic acid anhydrides. In concentrated solution and on heating, acid 
amides and, to a lesser degree, esters will react with hydroxylamine in a 
similar manner. Aldehydes yield hydroxamic acids only when heated with 
nitrohydroxylamine or N-benzenesulfonylhydroxylamine (cf. (3)). They 
do not require consideration under our conditions. Relative data for a 
number of compounds are assembled in Table I. It appears that acetyl}, 
propionyl, and butyryl phosphate (1) produce practically equal color, mole 
permole. As a representative for water-stable purely organic anhydrides, 
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succinic anhydride was tried. The color intensity was somewhat less with 
succinic anhydride than with acetyl phosphate. The data of Table I show 
furthermore that at physiological concentrations acid amides and ester 
may be neglected under our conditions. 

Standard Solutions—In our experiments solutions of acetyl phosphate 
were used, derived from pure silver acetyl phosphate. Its preparation hag 
been described previously (1). A very satisfactory standard solution is 
obtained, however, with the commercial succinic anhydride preparation 
(Eastman). For this purpose the compound, which is only slightly soluble 
in water, is immediately converted into the soluble monohydroxamic acid 
by dissolving in a concentrated hydroxylamine solution. We dissolve, ina 
100 ml. volumetric flask, 1.0 gm. (10 mm) with 40 ml. of the 2 m hydroxyl 
amine solution used in the methed, wait 10 minutes, and fill to the mark with 


water. This stock solution may be kept for some time. 1 ml. of a 40 times | 














TaBLeE I 
Relative Color Given by Various Compounds at Equal Concentration 
Compound Color 
per cent 
NS Leis cncWn dh Seethe testes bavesas seceneacege 100 
i ccs canasernbntentedeier tienes ve ; 98 
SE ae ee 97 
Succinic anhydride........... Rare Seg See Oe 8 * 80 
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diluted stock solution gives a color equivalent to 2.0 micromoles of acetyl 


phosphate. We found recrystallization unnecessary. The color was com 
sistently 80 per cent of the acetyl phosphate equivalent. 

Furthermore, it was found that a 0.005 m solution of acetamide, when 
heated in boiling water for 15 minutes with twice its volume of 5% 
hydroxylamine hydrochloride in 4.5 N sodium hydroxide, yields quantite- 
tively hydroxamic acid.!’ In this manner a standard solution of acethy- 
droxamic acid may be prepared identical with standards obtained with 
acetyl phosphate. For this purpose, one takes 1.5 ml. of the heated solution 
and 1 ml. of acetate buffer plus 0.5 ml. of water and proceeds as described. 

Interfering Substances—A number of anions depress the intensity of the 
color (Table II), presumably by forming iron complexes. We find that at 


1 Preliminary studies on a method for determination of acid amides gave encourag 
ing results with acetamide. Unfortunately, however, the biologically interesting 
glutamine appears much less reactive with hydroxylamine. 
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least they do not interfere with the reaction between acyl phosphate and 
hydroxylamine. Thus fluoride in higher concentration causes appreciable 
depression and to a somewhat lesser degree phosphate, oxalate, and sulfate 
may interfere. Citrate was found without influence in similar concentra- 
tions. It seems possible, however, that other compounds, besides the ones 
tested, may have similar effects. In the cases considered, the permitted 
concentrations will generally be high enough to allow the use of the method 
without modification even in the presence of fluoride or phosphate. With 
higher concentrations of these anions, it was usually sufficient to use standard 
solutions containing analogous concentrations of the interfering anions. 
With very high concentrations, it is preferable to remove the fluoride and 
phosphate before the color is developed. For this purpose, we remove 
the protein with zinc hydroxide, adding calcium chloride to the zine 


' chloride solution. All volumes were doubled and after incubation with 








TaB_Le II 
Depression of Color Intensity by Certain Anions 
Anion Amount in 6 ml. Depression 
micromoles per cent 
MTL, iho «unas ocho hk ce ce meee SG 100 33 
50 7 
25 0 
I ycihsserecnhs casnncavoret wkeanee 100 13 
50 4 
oes ce vsccesenscccvencedbacesessees 150 14 
30 0 
a or eR ete Y 200 8 











hydroxylamine 1 ml. was added of a solution containing 3.4 per cent in zinc 
chloride, 5.6 per cent in calcium chloride, and 1 ml. of 0.3 N sodium hy- 
droxide. The combined protein, calcium, and zine precipitate was re- 
moved. To 4 ml. of the filtrate 1 ml. each of the hydrochloric and ferric 
chloride solutions was added. 


Examples for Determination of Biologically Formed Acetyl and 
Phosphoglyceryl Phosphate 


A certain incompleteness was felt in the identification of metabolic acyl 
phosphates, since they had not been characterized by an organic chemical 
reaction typical for acid anhydrides. The instantaneous and quantitative 
conversion of acyl phosphates into hydroxamic acids furnishes now a test of 
the desired type. The present confirmation of the anhydride nature of 
metabolic acetyl and phosphoglyceryl phosphate thus completes the evi- 
dence already accumulated. 
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In Table III data are given for pyruvate oxidation with an extract of Lac- 
tobacillus delbrueckii. Oxygen consumption was measured manometrically 
and after 30 and 60 minutes, 0.15 ml. was taken to determine acetyl phos- 
phate with the new method. The experiment is comparable to those re- 
ported earlier (5) with such enzyme preparations in which the phosphate 
precipitation method had been used. The initial phosphate concentration, 
however, was somewhat higher in the present case. Comparison between 
oxygen consumption and acetyl phosphate formation (last column, Table 
IIT) shows that the theoretical value of 1 (5) for the quotient (acety! phos. 
phate)/(oxygen) is reached here more closely than in earlier experiments. 
This close approach most probably is due to the presence of high phosphate 
concentration which inhibits acetyl phosphate breakdown (Utter and Werk- 
man (6)) and furthermore to an avoidance in the present method of loss 
during deproteinization and subsequent manipulation. 


TaBLe III 
Acetyl Phosphate Formation in Extract of Lactobacillus delbrueckii 


1 ml. of bacterial extract, prepared as described previously (5), containing 0.15 
phosphate and 0.02 m fluoride, was shaken with air at 36° in the Warburg apparatus. 
100 micromoles of pyruvate were added at zero time. 





Acetyl phosphate _ 











Incubation time —O: | Acetyl phosphate | : Os 
min. | mécromoles | | micromoles = | 
- | 11.2 | 10.6 | 0.95 
60 20.1 19.1 0.95 





Since the discovery of phosphoglycery! phosphate by Warburg and his 


collaborators (7, 8), to our knowledge the only more extensive paper dealing | 
with this substance is the report by Buecher (9) on the isolation of a yeast | 


enzyme which catalyzes phosphate transfer between phosphoglyceric acid 
and adenyl pyrophosphate. In these studies a rather complex photometric 
method was used for the determination of phosphoglycery! phosphate, based 
on its enzymatic reaction with reduced cozymase. With the hy- 


droxylamine method phosphoglyceryl phosphate may be determined now | 


with greater ease. 

We were particularly eager to carry out experiments with muscle prepara- 
tion, because the observations of Warburg’s laboratory referred exclusively 
to yeast enzymes. Even in as crude a preparation as redissolved acetone 
precipitate of muscle extract, anhydride formation could be demonstrated 
easily with oxidation of phosphoglyceraldehyde as well as with the transfer 
of phosphate from adenyl pyrophosphate to phosphoglycerate. The acetone 
preparation used was prepared from cat muscle, according to Jandorf et al. 
(10). Data in Table IV are given in acetyl phosphate equivalents, since 
isolated phosphoglycery! phosphate was not available for a determination of 
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the absorption coefficient. With crude yeast extracts similar results were 
obtained. 
TABLE IV 
Phosphoglyceryl Phosphate Formation in Muscle Extract 

1 ml. samples of a 10 per cent solution of acetone precipitate of cat muscle extract 
were incubated in open test-tubes at 26°. The final volume was 2 ml. and all samples 
contained sodium fluoride in 0.02 m concentration. The substrates were added as 
the sodium salts; the given concentrations refer to final volume. The incubation 
time was 40 minutes. 


Experiment No. | Substrates | Acyl phosphate 
| micromoles 
] | Hexose diphosphate, 0.04 m | 0.6 
. * ‘0.04 “ and pyruvate, 0.1m | 4.9 
| Pyruvate, 0.1 M 0.3 
2 Phosphoglycerate, 0.02 m 2.0* 
“ 0.02 “*, adenyl pyrophosphate, | 
0.02 Mt 10.7 
Adeny! pyrophosphate, 0.02 m | 0 


*Some creatine phosphate and adenyl pyrophosphate were present in the mus- 
cle extract. 


TaBLe V 
Acyl Phosphate Formation on Addition of Oxalacetate to Muscle Extract* 


Conditions were the same as in the experiments of Table IV, except that fluoride 
was added as indicated below and the incubation time was 20 minutes. 











- | 
oot | Additions | . 50 Remarks 
| oa , lnc] | 
1 | None 0 0.02 m fluoride and 
| Pyruvate, 0.1 M 0.4 0.01 m adeny! pyro- 
| Oxalacetate, 0.03 m 3.6 phosphate in all 





| Citrate, 0.02 m 0 
| Acetate, 0.04 m 0.3 
2 | Oxalacetate, 0.03 m, fluoride, 0.02 m 2.6 
| Same + 0.02 m adenyl pyrophosphate 3.0 | 
| Oxalacetate, 0.03 m (no fluoride) 0.3 | 


| 
Ketoglutarate, 0.05 M | 0.5 samples 
| 


| 
| 


*Oxalacetic acid was prepared from commercial ethy! oxalacetate by acid hy- 
drolysis (11). According to the test with the aniline method at 26°, our preparation 
contained at least 90 per cent oxalacetic acid; titration corresponded to 100 per cent 
oxalacetic acid. Blanks of this preparation without enzyme showed no color; cf. 
also the experiment without fluoride on the last line of the table. 


In order to explore anhydride formation with other acids, adenyl 
pyrophosphate was combined with a variety of metabolic intermediates. 
As shown in Table V, results were negative with the exception of oxalacetic 
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acid. From Experiment 2 in Table V, however, it appears that the color 
giving substance scarcely originates through phosphate transfer from adeny| 
pyrophosphate (ef. (12)); its formation oecurs without addition of adeny| 
pyrophosphate and should rather be due to a metabolism of oxalacetate in 
the muscle preparation. Unlike acetyl phosphate, which is decomposed 
with great rapidity by muscle extract, the compound found with oxalace. 
tate appears to be fairly stable and in this respect resembles phosphoglye. 
ery! phosphate. It should be mentioned that besides acetyl and phos 
phoglyceryl phosphate, none of the known phosphate esters, including 
phosphopyruvate, gave a colored product with hydroxylamine, nor did 
oxalacetate without the muscle preparation. The fact that pyruvate dog 
not react analogously seems to make it unlikely that the color with oxalace. 
tate may be due to phosphoglyceryl phosphate, formed by oxidation o 
carbohydrate sources in the extract. As shown in Table V, fluoride is 
needed for formation or stabilization of the product. 


SUMMARY 


1. A micromethod is described for the determination of acyl phosphates, 
It is based on the conversion of these compounds into hydroxamic acids and 
colorimetric estimation of a purple ferric hydroxamic acid complex. 





2. Experiments are reported, with this method, on acetyl phosphate 
formation with bacterial extracts, and phosphoglyceryl phosphate forms- 
tion with crude muscle preparations. An unidentified substance yielding 
hydroxamic acid was found to appear when oxalacetate is added to musele 
extract. : 
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wi} DENSITIES AND SIZES OF THE INFLUENZA VIRUSES A (PR8 

in STRAIN) AND B (LEE STRAIN) AND THE SWINE 

ed INFLUENZA VIRUS* 

af By D. G. SHARP, A. R. TAYLOR, I. W. McLEAN, Jr.,t{ DOROTHY BEARD, 

bi anp J. W. BEARDt 

" (From the Department of Surgery, Duke University School of Medicine, 

: Durham, North Carolina) 

i 

es (Received for publication, March 5, 1945) 

5 Studies with the electron microscope have shown that the influenza 

: viruses A (PRS strain) (1) and B (Lee strain) (2) and the swine influenza 

‘| yirus (3) consist of rounded or bean-shaped particles of variable size and 
internal structure. The distribution of the sizes of the particles of a given 
type of the virus has been substantiated qualitatively by means of sedi- 

F mentation velocity studies (4). Chemically the particles consist of protein, 

‘ lipid, and carbohydrate with which there is associated nucleic acid of the 
desoxypentose type (5). 

» Estimates of the average size of the influenza virus particles have been 

. made by means of the electron microscope and from sedimentation velocity 


| data. In the initial work with the electron microscope, calibration was 
| based on measurements of the widths of tobacco mosaic virus rods (1-3). 
Subsequent recalibration of the instrument has resulted in higher values 
| (4) which are believed to be more nearly correct. Estimations of size were 

made (1—4+) also from sedimentation velocity data in conjunction with values 
of the reciprocals of the partial specific volumes of the viruses determined 
with the pycnometer. It was recognized, however, that accurate knowl- 
Z| edge of particle density in a medium compatible with the existence of the 
particle in its native state must be available if true sizes are to be calculated 
from sedimentation data. 


* These investigations were aided through the Commission on Influenza, and the 
Commission on Epidemiological Survey, Board for the Investigation and Control of 
Influenza and Other Epidemic Diseases in the Army, Preventive Medicine Service, 
Office of the Surgeon General, United States Army. The work was aided also in part 
by a grant to Duke University from the Lederle Laboratories, Inc., Pearl River, 
New York. 
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tigation and Control of Influenza and Other Epidemic Diseases in the Army, Preven- 
tive Medicine Service, Office of the Surgeon General, United States Army. 
* {Consultant to the Secretary of War and a Member of the Commission on Acute 
Respiratory Diseases, Board for the Investigation and Control of Influenza and 
Other Epidemic Diseases in the Army, Preventive Medicine Service, Office of the Sur- 
geon General, United States Army. 
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Probably the most direct method of determining the density of small 
particles in suspension is that of varying the density of the dispersion me- 
dium and noting the change in the sedimentation rate of the particles in a 
suitable centrifugal force field. Attempts have been made to use this 
method for studying the density of virus particles, materials such as sucrose, 
glycerol, urea, and sodium chloride being employed to vary the density 
of the suspending medium. It has been found (6-8) that under these 
conditions alterations occur in the behavior of the virus particles. Ina 
recent report from this laboratory, however, a system was briefly described 
(9) in which influenza virus A (PR8 strain) was sedimented in bovine al- 
bumin solutions of various densities and the relationship obtained over 
the range of density available for study indicated an ideal behavior of the 
particles. In the present paper the method will be described in mor 
detail, and the results obtained with influenza virus B (Lee strain) and the 
swine influenza virus will be given. These findings, together with data on 
the partial specific volume of these types of virus obtained in previous work 
and in the present study, will be discussed in connection with existing chemi- 
cal and physical information to the end of obtaining a more accurate con- 





cept of the elementary influenza virus particle. 


Materials and Methods 


The three types of virus used were influenza viruses A (PRS strain) 
and B (Lee strain) and the swine influenza virus, which were studied 
previously with respect to purification (1-3), chemical constitution (6), | 
and physical properties (4). 

Purified virus was obtained by concentration of the respective types of the 
virus from large pools of virus-infected chorioallantoic fluid from chick | 
embryos by means of (1) adsorption on and elution from chicken red blood | 
cells, followed by ultracentrifugation, or (2) preliminary concentration in 


the Sharples supercentrifuge, followed by ultracentrifugation. 

Details of the procedures for preliminary concentration of the influenza 
viruses by adsorption on and elution from chicken red blood cells (1-3) | 
and by large scale centrifugation in the Sharples centrifuge (10) have been | 
reported. Further purification was then effected by treatment in the ait- | 
driven ultracentrifuge. Eluates or centrifugates in Ringer’s solution (I) 
were spun in the angle centrifuge at 2000 g. The supernatants were then | 
parceled into 15 ml. collodion tubes and spun for 1 hour at 20,000 g in the 
ultracentrifuge. The resulting clear, gel-like pellets were resuspended in 
Ringer’s solution and spun at 5000 g in the ultracentrifuge for 5 minutes. 

The concentrates exhibited a single, slightly diffuse boundary in the 
analytical ultracentrifuge (4) and a high degree of uniformity of particle 
kind in electron micrographs. In practically all instances such concentrates 
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of influenza virus A and the swine influenza virus gave values for the partial 
specific volume which did not change with further treatment of the virus. 
To obtain constant values with influenza virus B, however, further purify- 
ing ultracentrifugation was often necessary, particularly when preliminary 
concentration had been effected by centrifugation. The concentrates 
containing 100 to 400 mg. of virus were diluted to 120 ml. with Ringer’s 
solution, parceled into 15 ml. ultracentrifuge tubes, and spun in the quantity 
ultracentrifuge head quickly up to and down from 6000 g. The virus was 
sedimented again at 20,000 g for 1 hour, resuspended at high concentration, 
and spun at 5000 g for 5 minutes. 

The bovine albumin was a 25 per cent solution in 0.9 per cent NaCl 
solution of a crystalline fraction which Dr. Hans Neurath obtained from the 
Armour Laboratories, Chicago, Illinois, through the courtesy of Dr. E. J. 
Cohn, Harvard Medical School, and Dr. H. B. Vickery. To this albumin 
solution were added the calculated quantities of the salts requisite to make 
the solvent medium equivalent to Ringer’s solution (11), consideration be- 
ing taken of the volume actually occupied by the albumin itself. Dilutions 
of the stock albumin solution were made with Ringer’s fluid. Virus in 
Ringer’s solution at pH 7.3 to 7.5 was added to the bovine albumin of 
various concentrations, and the mixtures were brought to room tempera- 
ture. To obtain virus in the highest concentration of albumin, 25 per cent, 
the appropriate amount of virus was sedimented in the ultracentrifuge 
and resuspended in the albumin solution. The concentration of virus in 
the albumin solution was 2.0 mg. per ml. of influenza virus A, 1.76 mg. per 
ml. of influenza virus B, and 3.0 mg. per ml. of the swine influenza virus. 
The time elapsing between addition of albumin and recording of the sedi- 
mentation diagrams was never greater than an hour and was generally 
about 20 minutes. The rotor temperature was recorded for each run. 

Viscosity measurements on the albumin in Ringer’s solution at 25° were 
made by Dr. John Erickson. It has been assumed that the change in 
viscosity of the albumin solution with temperature was the same as that for 
water. Any error introduced by this simplification would be small, because 
all centrifuge runs were made near 25° and the error would be random, 
for some runs were below and some above 25°. 

Density of the albumin solutions was measured with the pycnometer in a 
thermostat at 25°. 

For the studies with sucrose, a 64 per cent solution of sucrose (Pfanstiehl) 
in Ringer’s solution was prepared. By appropriate mixture of this with - 
Ringer’s solution and concentrated virus, samples containing 3.0 mg. of 
virus per ml. with the required sucrose content were made immediately 
before the sedimentation run. Sucrose viscosity corrections were taken 
from the data of Binghar: and Jackson (12), and the density values from 
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standard tables. Because of the presence of the salts of Ringer’s solution, 
the viscosity and density values given in the tables are not precise in relation 
to the conditions of this experiment. 

An air-driven ultracentrifuge (13) was used for the sedimentation velocity 
determinations. The mean rotor radius was 6.5 em., and the cell height 
was 1.2 em. The progress of sedimentation in the region of 25° was re- 
corded by the Lamm scale method, and sedimentation rates were calcu- 
lated as previously described (4). 

For estimation of partial specific volume, the ultracentrifuge concen- 
trates containing 14.0 to 23.0 mg. of virus per ml. were brought to room 
temperature (about 25°); air was removed by placing the vial containing 
the preparation in a small suction flask and evacuating three successive 
times to the point where the concentrate began to boil. A sample of the 
Ringer’s solution was treated at the same time in order to control the slight 
concentration effect due to the evacuations. Virus concentration was then 
calculated by conversion of micro-Kjeldahl nitrogen determinations made 
in duplicate, with the appropriate factor for each type of virus (5). The 
calibrated 2 ml. capped pycnometer was then filled with chilled virus sus- 
+ 0.05°. Weighings were 


pension and equilibrated in a water bath at 25° 
made on a micro balance with calibrated weights, a duplicate pycnometer 
being used as a counterbalance. Solvent density determinations were taken 
from the average of at least three individual equilibrations and weigh- 
ings. The partial specific volume was calculated by means of the equation 


given by Kraemer (14). 
Results 


The experiments have consisted of studies on (1) the sedimentation 
velocity of influenza viruses A (PR8 strain) and B (Lee strain) and swine 
influenza virus in bovine albumin solutions of different densities; (2) the 
sedimentation velocity of the swine influenza virus in sucrose solutions of 
different densities; and (3) the partial specific volumes of the three types 
of influenza virus estimated with the pycnometer. The studies with the 
pycnometer were made to obtain data to supplement those previously re- 
ported (4). 

Sedimentation Velocity of Swine Influenza Virus in Sucrose Solutions— 
The results of the experiments with sucrose are given in Fig. 1, which shows 


the relation of the virus sedimentation rate, S, to the density, ps, of the sus- 


pending medium. The ordinate, S, is the product of the observed sedi- 
mentation rate and the viscosity (relative to water at 25°) of the suspending 
medium. The abscissa is the density of the sucrose solution at 25°. The 
experimental points obviously are not distributed in a linear fashion, and 
through them the curve was drawn as described below. Extrapolation of 
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this curve would result in an intercept with the abscissa at about the value 
p, = 1.19 for the density of the suspending medium. 

From these findings, it is seen that the change in the sedintentation rate 
of the virus particles was not related wholly to the increase in the density 
of the medium. On the contrary, the curved nature of the relation of 
7S to p, shows that with increase in p,, the values of 7S remained higher 
than would have been the case if the increase in the density of the suspend- 
ing medium had been the sole influencing factor. It is thus evident that 
changes occurred in the physical properties of the virus particles which re- 
sulted in findings compatible with the assumption that particle density 
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Fie. 1. Swine influenza virus. The sedimentation rates given in Svedberg units 
corrected for relative viscosity but not for density are plotted against the density of 
thesuspending medium. Two different virus preparations were sedimented in bovine 
albumin solution, and the data are represented by the open and closed squares, respec- 
tively. One of these preparations (closed squares) was sedimented also in sucrose 
and the resulting data are shown by the open circles and the curve drawn through 
them. The tangent drawn to the curve at the density 0.9982 of the suspending 
medium is shown as a dotted line. 


increased in relation to, though not in proportion to, the concentration of 
sucrose. 

On further investigation of these changes in the sedimentation characters 
of the swine influenza virus, it was found that the extent of the alterations 
of the virus particles is dependent on the time of contact of the particles with 
the suspending medium. The results were qualitatively similar to those 
which were found with influenza virus A (PR8 strain), as illustrated in a 
previous report (9). Influenza virus A suspended in Ringer’s solution 
containing 11 per cent sucrose exhibited at first a rapid and significant in- 
crease in sedimentation rate ((9) Fig. 1). With time, in this instance about 
2.5 hours, the maximum value was obtained, and thereafter a gradual de- 
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crease in the sedimentation rate occurred. At the end of 28 hours, an 
interval not described in the previous report (9), the declining rate of 
sedimentation had reached a level close to that observed when the virus 
particles had been in contact with sucrose the shortest time possible for 
study. 

Results qualitatively similar to these with the influenza viruses have been 
observed by Smadel, Pickels, and Shedlovsky (8) in studies on the ele- 
mentary bodies of vaccinia. These authors, citing a number of possible 
explanations of the findings, concluded that the various phenomena were 
subject to elucidation on the assumption that the changes in particle be- 
havior were due to osmotic withdrawal of water from the particles by the 
sucrose with consequent increase in particle density. It should be noted 
Here for subsequent discussion that this hypothesis, while accounting for 
the increase in the sedimentation rate of the particles in a sucrose solution 
of given concentration, does not suffice to explain why there is a subsequent 
decrease with time. 

The meaning of the curvilinear relations of Fig. 1 with respect to their 
bearing on the density of the virus particles in their native state is of un- 
certain significance. Interpretations have been made of such results by 
constructing a tangent to the curve (8) at the point corresponding to p, = 
1.00. The tangent is then extended to intercept the abscissa, and the value 
of the solvent density, p,, at this intercept has been taken (8) to represent 
the density, p,, of the virus particle in the absence of sucrose. 

The observed data for the swine influenza virus shown in Fig. | are closely 
approximated by the relationship 


7S = Ki = K2(ps = 1) + K3(ps ne 1)? 


which was used with appropriate constants to draw the curve. The slope 
of a tangent drawn at any point on the curve is then given by 


d (ps re 


which for small values of (p, — 1) should be nearly constant. The tangent 
drawn by this means through the point corresponding to the density of 
water at 20° (p, = 0.9982) intercepts the axis at 1.148. Interpreted in the 
manner of Smadel, Pickels, and Shedlovsky, this result would indicate a 
density of 1.148 for the swine influenza virus in the absence of sucrose. 
The significance of the tangent to the curvilinear relation is dependent 
on the validity of the assumption that the relation of »S to (p, — 1) ap- 
proaches a straight line in the region of p, = 1.00 and, further, that such s 
linear relation would describe the behavior of the particles in a medium in 
which no change occurred in the character of the particles. In the investi- 
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gations with the swine influenza virus and, as well, with the elementary 
bodies of vaccinia (8), there were insufficient data either to show that the 
relation became linear in this region or for judging the extent of variation of 
the observed results from those expected under ideal conditions. Further- 
more, a tangent drawn to the curve, S versus (p, — 1), may be used to 
calculate the density of the sedimenting unit at a particular value of ¢, 
chosen only if »S depends on p, alone. On the contrary, however, it has 
been observed that »S is not constant for a given p, of the sucrose solutions 
but varies significantly with time. It is thus clear that measurements of 
»S used to plot the curve 7S versus (p, — 1) will be different at different times 
and, consequently, such a calculated density of the sedimenting unit is 
likewise dependent on time. The sedimentation studies on the swine 
influenza virus, like those on the vaccinial elementary bodies (8), were made 
quickly after mixture of virus with sucrose solution, a period of time in 
which change in the virus particle is most rapid (8, 9). From these con- 
siderations and the results obtained with the bovine albumin experiments 
described below, then, it would appear unlikely that density values ob- 
tained from use of the tangent necessarily provide any information relative 
to the density of the particles in the native state. 

Sedimentation of Influenza Viruses in Bovine Albumin Solution—Utiliza- 
tion of bovine albumin to vary the density of the suspending medium in 
the present experiments was prompted by the possibility that the change 
in the behavior of the virus particle in sucrose solutions may be due, as sug- 
gested, to the withdrawal of water from the virus particle caused by the 
osmotic pressure of the medium outside the particle. Addition of bovine 
albumin to Ringer’s solution to the extent of 25 per cent increases the os- 
motic pressure of the solution by an amount approximately equivalent to 
the osmotic pressure of 0.002 m NaCl. In contrast, the osmotic pressure 
of a 25 per cent solution of sucrose corresponds approximately to that of 
0.366 m (2.14 per cent) NaCl. The ratio of the osmotic pressure of bovine 
albumin to that of sucrose of the same percentage concentration is given by 
the inverse ratio of the respective molecular weights; namely, 342/70,000. 

Experiments were done on the sedimentation of two different batches of 
swine influenza virus in a series of bovine albumin solutions of different 
densities. The results are shown in Fig. 1. The findings with two batches 
of influenza virus B are shown with similar symbols in Fig. 2. Data ob- 
tained with two batches of influenza virus A have been published else- 
where (9). 

From inspection of these data as a whole, there is no consistent evidence 
of curvature of the relations between sedimentation rates, 7S, and the den- 
sities, p,, of the suspending medium. Instead, the observed points appear 
to be arranged in an essentially linear fashion. For the group of data of 
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each type of the virus, a straight line was drawn through the points by the | hil 
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highest concentration of bovine albumin used. The total elapsed times 
from mixing the virus with the 25 per cent albumin solution until sedimen- 
tation pictures were made were 48, 138, 226, and 313 minutes, for which the 
following corrected sedimentation rates, »S, resulted: 309, 303, 323, and 
313 X 10~, respectively. Although a possible increase was seen within 
the longer periods, it was thought likely that studies made within an hour 
would give values unaffected by possible changes due to the influence of the 
albumin. ‘These are the same conclusions as those reached from data on 
influenza virus A (PRS strain) at albumin density 1.037, as previously 
reported. 

The degree of success of obtaining an estimate of the actual density of the 
virus particle in its native state by a method of this nature would be ex- 
pected to be dependent on a number of factors. Electron micrographs 
show that the particles of the three types of influenza virus are approxi- 
mately spherical. The sedimentation behavior of the particles would then 
be closely approximated by that of a sphere for which the equation of dy- 
namie equilibrium for the centrifuge is as follows: 


ahi — pw R = teat 2 (1) 
3 dt 

In this equation R is the distance at time ¢ from a particle of radius r to 
the center of the centrifuge rotor. The angular velocity of the rotor is w; 
the difference between the density of the virus and that of the suspending 
medium is pp — ps; and m is the absolute viscosity of the suspending me- 
dium. Substitution of the sedimentation constant, which is by definition 
S = (1/e*R) (dP/dt), in Equation 1 results in the simplification 


ibe 


1(py — ps) = 3m.S8 (2) 


ow 


From Equation 2 it is seen that under ideal conditions a linear relationship 
should exist between density of the suspending medium and the product 
mS for any given particle density, p,, and that mS — 0 as (p, — p.) 0, 
indicating the limiting density of the virus particle. 

The applicability of the theoretical considerations to estimation of the 
density of the virus particles is dependent chiefly on the constancy of both 
the size and the density of the particles despite the changes in the density 
of the dispersing medium. As noted above, the influenza virus particles 
are close enough to the spherical shape to fulfil the conditions of Stokes’ 
law. Direct evidence of whether the size and density of the virus particles 
did or did not change is not available. However, the relation of the cor- 
rected sedimentation rate to the density of the albumin solution is essen- 
tially linear. If the relation is actually linear, it may be concluded, as 
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indicated in Equation 1, that no change occurred in the size of the particle 
A possible change in particle density is highly improbable, since such a 
change would have had to be a linear function of the density of the dispers. 
ing medium. Further evidence for the absence of change within the | 
conditions of the experiments was obtained in studies on both influenas | 
virus A (PRS strain) as previously reported and on the influenza virus J 
(Lee strain) in the present work. 
Assuming that the relation is linear, for which the data provide good evi- 
dence, calculations were made of the particle density of the three types of | 
influenza virus. For this Equation 2 was used, and the resulting values ar | 
shown in Table I. These values, 1.104, 1.104, and 1.100, represent the den- 


TaBLe I 
Sedimentation Constant, Density, Mean Diameter, Partial Specific Volume, and Wate 
Content of Influenza Viruses 





| 











| Influenza virus A | Influenza virus B Swine influenza 
(PRS strain) (Lee strain) virus 
Sedimentation constant* | 72x10" | 40x 10" | 727 X 10°" 
Density in aqueous suspension 1.104 1.104 1.100 
Diameter, from sedimentation | 
velocity data, mz 116 | 124 117 
Diameter, from electron micro- | 
graphs; direct calibration, mp*. 101 | 123 | 96.5 
Partial specific volume...........| 0.822 0.863 0.850 
Water content, % by volume..... 52.0 34.5 | 48.3 


* Data previously published (4). 


sities of the sedimenting units of influenza viruses A and B and the swine 

influenza virus, respectively, including water moving with the particles. 

The sizes of the particles under these conditions may be calculated from 

their densities as given in Table I and the respective sedimentation con- 

stants obtained by extrapolation to infinite virus dilution as previously 

reported (4). The average sizes obtained in this way (Table I) were 116, | 
124, and 117 mu, respectively. A close approximation to the particle size | 
may be obtained directly from the data on sedimentation in albumin solt- } 
tion from the slopes of the lines of Fig. 3. The slopes of the respective lines 

are given by the first derivative of Equation 2 

d(m S) on 2 2 (3) 
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Although Equation 4! is attractively simple, it gives values in these experi- 
ments which are 3 to 5 per cent lower than those calculated as described 
above by using values of S obtained from a separate experiment extrapo- 
lated to zero concentration of virus and the densities calculated from the 
straight lines of Fig. 3. The reason for this probably lies in the dependence 
of S on virus concentration, which tends to reduce the slope of the line. 
This should, however, have no influence on the determination of limiting 
density, for its influence diminishes with S and approaches zero with it. 
Partial Specific Volumes of Influenza Viruses—The values obtained for 
the partial specific volumes of the three types of virus are given in Table II. 
Each tabulated value is the average of two or three independent replicate 


TABLE II 


Partial Specific Volumes of Influenza Viruses 








| 
Influenza virus A (PR& strain) Influenza virus B (Lee strain) | Swine influenza virus 
| | 








| Ultra- 


| Ultra- | .,; | . ae Poe | Ultra- | y- ; 
ras [cnt ae, | att) rear: [ce | ye, | arg Pee: | ene, | ui 
0 | cycle | tration volume | cycle | tration | volume | rs) | cycle tration volume 
| mg. per | mg. per i“. per 
ml. mi. | ml, 
= | (1 10.85 0.823) 30 1 | 14.43] 0.814) 26 | 1 + | 16.85] 0.850 
21 | 2 | 5.60 | 0.822) 30 2 | 13.00) 0.862} 26 | 1 | 12.25] 0.852 
23 l 22.3 0.820) 30 3 | 13.30) 0.861) 26 1 7.98) 0.850 
23 | 2 | 20.3 0.822) 30 3 | 13.30) 0.862 | 
30 3 | 9.07) 0.862 | | 
32 ' 1 | 18.06} 0.800 
| 32 2 | 16.66] 0.840 | 
32 3 7.72| 0.863 | 
| | 30-32* | 4 | 9.05] 0.962 | 

















* Preparations 30 and 32 were combined for the fourth ultracentrifugal cycle as 
explained in the text. 


determinations at the indicated virus concentration and ultracentrifugal 
The results were essentially identical with those previously reported 


cycle. 


(4). 


With the influenza virus A no difficulty was encountered in obtaining 


ultracentrifugal concentrates from either red blood cell eluates or centrifu- 


gates which gave constant values. 


virus of swine influenza. 


The same was generally true with the 


In the instance of influenza virus B, however, the 
concentrates required at least two and often three cycles of ultracentrifuga- 
tion before a constant value for the partial specific volume was reached. 


‘The negative sign under the radical will disappear when the observed negative 
slope is introduced in the equation. Relative viscosity (7) must be changed to the 
absolute value (m,) for this calculation. 
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Preparation 30 gave a value of 0.862 after the second ultracentrifugal sedj- 
mentation, and this was not changed by additional sedimentation. Prepara- | albt 
tion 32 gave the value 0.863 only after three ultracentrifugal sedimentations, | reas 
Since there was insufficient material remaining of either Preparation 30 or | may 
32 to permit further ultracentrifugation, the two preparations, both having | part 
had three ultracentrifugal cycles and both giving essentially identical values | T 
for partial specific volume, were combined for a fourth ultracentrifugal | viru 
eyele. As shown in Table II, no significant change in specific volume wag | obte 
observed following the fourth cycle. suge 

Water Associated with Virus Particles—By combining the results of the | The 
measurements on partial specific volume with the density of the virus | Fig. 
particles determined from the studies with bovine albumin, the amounts | 1.14 
of water associated with the virus particles were calculated. The values, influ 
Table I, were for influenza virus A (PRS8 strain) 52 per cent, influenza virus | thos 
B (Lee strain) 34.5 per cent, and the swine virus 43.3 per cent by volume, curv 
The value, 66 per cent, previously reported (9) for influenza virus A (PR§ | dens 
strain), was calculated from essentially the same data that are presented | 1.18. 
here. The difference was due to an error in the method of calculation. | tang 
The present value for this virus, 52 per cent, is likewise somewhat lower than | of we 


the value, 60 per cent, found by Lauffer and Stanley (15). ; will 
if the 
DISCUSSION parti 


The behavior of the influenza viruses centrifuged in bovine albumin | can! 
solutions revealed no consistent evidence of change in the sedimentation sence 
characters of the particles within the conditions of the experiments. This _ by th 
is in marked contrast to the pronounced changes occurring in the presence | phot 
of sucrose, which have been interpreted (6-8) to be due to an increase in | be dr 
density and a possible decrease in particle size as the result of the osmotic | the e 
influence of the suspending medium. The results of the experiments with instal 
bovine albumin solutions of high density but of low osmotic pressure pro | o the 
vide strong presumptive evidence of the verity of the hypothesis. Within | sent 
the limits that the data indicate an ideal behavior of the particles, it is | imterc 
possible, without further assumption, to employ the findings directly for the | by Ls 
salculation of the density of the particles in their native state. ) obtait 

Use of bovine albumin for virus density determinations presents certail Th 
limitations of both theoretical and practical nature. It is possible that the ™agn 
relation of sedimentation rate to the density of the albumin solutions is not (9). 
wholly linear. It is conceivable that the virus particles become coated with | tial s 
albumin and thus increase in size and density. Further, the density of the} Yarra 
dispersing medium feasible for study is somewhat limited, since bovine medit 
albumin solutions of densities greater than 1.07 are of high viscosity. The preciy 


high centrifugal fields necessary to sediment the virus through the denser} ™& W 
tate 
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albumin solutions tend to cause sedimentation of the albumin. For this 
reason it is possible that the lower virus sedimentation values (p, near 1.07) 
may be somewhat higher than their true level, yielding densities of the virus 
particles slightly greater than the true values. 

The densities observed were 1.104, 1.104, and 1.100 for the influenza 
yiruses A and B and the swine influenza virus, respectively. These values 
obtained in the studies with bovine albumin were far lower than the value 
suggested by the results with sucrose solutions for the swine influenza virus. 
The tangent drawn mathematically to the curve of the experimental data, 
fig. 1, intercepted the abscissa at the point corresponding to the density 
1.148 of the suspending medium. The experimental data observed for 
influenza virus A with sucrose by Lauffer and Stanley (15) were similar to 
those found for the swine virus with sucrose in the present work. The 
curve of the latter, on extrapolation, intercepted the abscissa at solvent 
density 1.19, whereas that described by Lauffer and Stanley intercepted at 
1.18. In interpreting their results, however, these authors stated: “A 
tangent to the experimental curve at the point corresponding to the density 
of water, drawn in the manner outlined by Smadel, Pickels, and Shedlovsky, 
will describe the sedimentation behavior which the particles would exhibit 
if they did not change density with increasing sucrose concentration. Such 
particles would just float in a solvent of density equal to about 1.1, hence it 


_ can be inferred that the density of PR8 influenza virus particles in the ab- 


sence of sucrose is about 1.1.’’ On the basis of their results, which are shown 
by the points and the curve reproduced in part in Fig. 4 from an enlarged 
photograph of their Fig. 3 (15), it is not clear how such an inference could 
be drawn. The findings of these authors have been analyzed by deriving 
the equation of the curve from the observed points as was done in the 
instance of the swine influenza virus. From the value of the first derivative 
of the equation at the point of the density of water at 20°, 0.9982, the tan- 
gent was drawn as shown in the broken line of Fig. 4. The value of the 
intercept with the abscissa, 1.143, is greatly different from that “‘inferred”’ 
by Lauffer and Stanley, but, incidentally, is nearly identical with the value 


) obtained in the present work with sucrose for the swine influenza virus. 





The values of the partial specific volumes observed are of an order of 
magnitude in accord with the composition of the dehydrated virus particles 
(5). The selection of an accurate method for the determination of the par- 
tial specific volume of chemical complexes such as the influenza viruses 
warrants careful consideration. The removal of salts from the suspending 
medium by dialysis, as carried out by Lauffer and Stanley (15), results in 
precipitation of the influenza viruses. Owing to the difficulty of maintain- 
ing uniform dispersion, such precipitated material is not suitable for accu- 
rate pycnometric determinations. The classical toluene displacement 
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method is likewise inapplicable, since the virus contains lipid as an integral 
part of the complex. For these reasons the present studies were made on 
concentrated virus preparations in saline medium (Ringer’s solution), 
With virus concentrates containing 8 to 25 mg. of virus per ml., the differ. 
ences between the weights of the suspending medium and those of the virus 
concentrates were of the order of 1000 to 8000 y on the micro balance, and 
the replicate weights of a given preparation were reproducible to within 10 
y. The greatest source of error is in the Kjeldahl nitrogen determination 
and the conversion of nitrogen to virus concentration. Constant boiling 
HCl and calibrated pipettes and burettes were used, and the duplicate 
nitrogen determinations showed better than | per cent agreement. This 


aa seeees 














‘99 100 105 10 _ 120 
Density of Suspending Medium 


Fic. 4. Influenza virus A (PRS8 strain). The sedimentation rates are given it 
Svedberg units with suitable correction for the viscosity of the suspending medium. 
The sedimentation rates are plotted against the density of the sucrose suspending 
medium. The data were taken from those of Lauffer and Stanley (15). The tangent 
at p, = 0.9982, which was not given in the original publication, has been constructed 
by the present authors as shown in the dotted line. 


? 
Kjeldahl nitrogen conversion error should be relatively negligible at the high 
virus concentrations used. 

The specific volume of any pure substance should be constant if the | 
complex is an independent chemical and physical entity of constant consti- 
tution. The present results indicate that the influenza virus particles are 
entities of this nature. The composition of a given type of influenza virus | 
is uniform (5) with respect to the proportions of y.otein, lipid, and carbe 
hydrate, though these proportions, particularly of the lipid, vary to a slight 
but probably significant degree with the type of the virus. The values d 
the partial specific volumes likewise reveal distinct type differences. 
Moreover, a definite limiting value characteristic for each type was reached 
which did not change with repeated ultracentrifugation nor with dilution. 
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Lauffer and Stanley (15) regarded a ‘“‘value of 0.79 as the most probable 
value for the true specific volume of PR8 influenza virus preparations ob- 
tained by differential centrifugation.”’ Only one of their preparations was 
examined directly in electrolyte solution, and the value observed, 0.80, 
approaches the value seen with influenza virus A in the present work. Two 
other preparations examined by these authors gave values of 0.84 and 0.85, 
which are higher than any obtained in this laboratory with this type of the 
virus. 

From the present findings certain implications may be drawn relative to 
the nature of the influenza virus particles. Chemically they are constituted 
of protein, fat, carbohydrate, and, presumably, inorganic salts with which 
water is associated. The nature of the association of water with the 
particles is such that the water is drawn rapidly from the particles in the 
presence of sucrose in solution. This result is explained simply by the 
assumption that the withdrawal of water is due to the osmotic inflyence of 
the sucrose. Substantiation of this possibility is seen in the finding that 
comparable changes do not take place in bovine albumin solutions of low 
osmotic pressure. As noted in a section above, however, this assumption 
does not explain all of the findings, for it was observed that after a period of 
increase in the apparent density of the virus particles in sucrose solution 
there followed a definite and substantial decrease in apparent density. This 
phenomenon was noted also by Smadel, Pickels, and Shedlovsky (8) in 
studies on the elementary bodies of vaccinia. In order to explain the 
findings as a whole, it would appear necessary to postulate a membrane or 
membrane-like structure enveloping the particle which is permeable to 
sucrose but impermeable to bovine albumin. Under these conditions the 
particles placed in sucrose would first lose water and thus increase in density. 
At the same time sucrose would begin to enter the particle, and after an 
initial period of water loss the concentration of sucrose inside the particle 
would reach a level sufficient to reverse the flow of water, which would 
result in subsequent decrease in density. These possibilities are closely in 
accord with the actual experimental findings in the present work and with 
results previously reported (9). 

It seems plain that the influenza viruses are not molecular in nature. 
Instead, there is mounting evidence that they exhibit a behavior and a 
structure which strongly suggest that these viruses are relatively highly 
organized cell-like bodies limited by a definite membrane-like structure 
similar in certain of its properties to the analogous semipermeable cell wall 
of bacteria. 


The authors are greatly indebted to Mr. Aaron Herr for his aid in the 
analysis of the Lamm scale diagrams. 
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SUMMARY 


The densities of influenza viruses A (PRS strain) and B (Lee strain) and 
the swine influenza virus were estimated from the results of sedimentation 
in bovine albumin to be 1.104, 1.104, and 1.100, respectively. Because of 
the apparently ideal behavior of the virus particles under the conditions of 
the experiments, these values are considered to represent the densities of the 
particles in their native state. The average sizes of the particles, calculated 
from these data, were 116, 124, and 117 my, respectively. The true partial 
specific volumes determined by pycnometer measurement were 0.822, 
0.863, and 0.850. From the density values and the partial specific volumes, 
the amounts of water associated with the respective types of the virus were 
52, 34.5, and 43.3 per cent by volume. 

Studies were made also on the sedimentation velocity of the swine influ- 
enza virus in sucrose solutions. The results obtained, together with find- 
ings with influenza virus A previously reported, are discussed in relation to 
the results of the studies with bovine albumin solution. 
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The finding that the feeding to animals of deuterio acetate leads to the 
formation of deuterio cholesterol (1) not only sheds light on the nature of 
sterol precursors but also demonstrates that either acetic acid itself or a 
derivative into which it can readily be converted occurs normally in inter- 
mediary metabolism. Since the extent to which acetate is formed during 
the intermediary metabolism of the major dietary constituents was un- 
known, the only quantitative conclusion as to the acetate-stero] trans- 
formation was that, under our experimental conditions, a minimum of 
6 per cent of all hydrogen atoms in cholesterol had been derived from 
acetate. This value was reached without allowance for the probable 
dilution of the labeled dietary acetate by acetic acid formed in intermediary 
metabolism or for possible loss of deuterium by an exchange reaction. 

Although it has been shown that acetic acid is formed in tissue slices by 
dismutation of pyruvate (2), direct proof for its formation as a normal 
metabolite in the intact animal has not yet been furnished. Since acetic 
acid is metabolized at a rapid rate, as has been demonstrated by feeding 
experiments with acetic acid containing heavy carbon (3), its concentration 
in animal tissues at any instant may be too small to permit detection 
though the amount produced per day may be large. 

Four biochemical conversions involving acetic acid have been demon- 
strated; viz., condensation to acetoacetate (4, 5), formation of cholesterol 
(1), of fatty acids (6), and acetylation of foreign amino acids or amines 
(7, 8).!. When isotopic acetate is fed, the products contain considerably 
lower isotope concentrations. This dilution may be due to a number of 
causes. The isotopic acetate, before entering into intermediary reactions, 
merges with endogenous non-isotopic acetate. Secondly, if precursors 
other than acetate exist, the hydrogen atoms of the product derived from 
those sources will lower the isotope concentration. Thirdly, deuterium 
may be lost as a result of exchange reactions. Further, in the case of a 


*This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation and from the Nutrition Foundation, Inc. 

1 From the red blood cells of rats fed deuterio acetate we have isolated hemin and 
have found it to contain significant concentrations of deuterium. This finding is of 
interest in connection with the fact that condensations involving acetoacetic ester 
and ammonia yield pyrroles (Knorr synthesis (9)). 
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substance, like cholesterol, which is synthesized slowly (10), the newly 
formed compound will be diluted with the non-isotopic compound already 
present. 

If in a synthetic reaction acetic acid is the sole precursor, the final 
isotope concentration of the product should be a measure of the dilution of 
the dietary acetic acid by that formed in the animal organism at the site 
of the acetylation. Bernhard has shown, with the aid of deuterio acetate, 
that acetic acid can be directly utilized in the formation of N-acetyl groups 
of foreign amino acids and amines (7). The dilution of isotope observed 
in this process may, therefore, give at least an indication of the minimum 
extent of endogenous production of acetic acid by the rat. In the present 
investigation of the acetylation reaction the dilutions proved to be inversely 
proportional to the level of dietary acetate but were independent of the 
amount of amine administered. Similar values were obtained when either 
dl-y-phenyl-a-aminobutyric acid, one of its optical antipodes, sulfanilamide, 
or p-aminobenzoic acid was employed as the test substance for acetylation, 

Our data definitely show that the acetylation reaction does not involve 
loss of carbon-bound deuterium. We have fed a preparation of isotopic 
acetate which was labeled both by carbon-bound deuterium in the methyl 
group and by heavy carbon (C") in the carboxyl group. The dilutions of 
deuterium and of C™ in the acetyl group of the excreted acylamino acid wer 
identical, for the ratio of the two isotopes remained constant. Although 
there is no doubt that acetic acid is an effective acetylating agent, the 
possibility that acetyl groups are also derived from other sources had to be 
explored. In order to test whether, as suggested originally by Knoop (11), 
a mechanism involving condensation of pyruvic acid with the amine could 
give rise to acetyl groups, we have administered deuterio alanine as a 
source of pyruvic acid. When /- or di-phenylaminobutyric acid was the 
foreign amine, deuterio acetyl derivatives with high isotope concentrations 
were excreted; on the other hand, when p-aminobenzoic acid or sulfanil- 
amide was administered the acetyl groups contained very low concentra- 
tions of deuterium. Pyruvic acid can therefore act as a direct source of 
acetyl groups for the foreign a-amino acid but not for the aromatic amines. 

The results here presented furnish data on the quantitative réle of acetic 
acid as an acetylating agent and illustrate the application of the isotope 
dilution technique to the measurement of the production of acetic acid in 
animal tissues. 


EXPERIMENTAL 


Preparation of Deuterio Acetic Acid—Deuterio malonic acid was prepared 
by exchange with heavy water and decarboxylated to deuterio acetic acid 
(12). The sodium salt was fed. 
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Preparation of Deuterio C® Acetic Acid, CH;—COOH—CQ, containing 
2.34 atom per cent excess C" was treated with methyl magnesium iodide. 
The acetic acid obtained by the usual methods was converted to silver 
acetate. Ag, calculated, 64.7 per cent; found, 63.4 per cent. It contained 
1.13 atom per cent excess C™. 

The silver acetate was converted into the sodium salt and deuterium was 
introduced into the latter by heating with heavy water (99.5 atom per cent 
excess D,) in a sealed flask at 125°, in the presence of active platinum, for 
a period of 5 days. The sodium acetate contained 42.5 atom per cent 
deuterium. Ratio, D:C™ = 42.5:1.13 = 37.6. 

Preparation of Deuterio dl-Alanine—Deuterio alanine was prepared by 
reduction of pyruvic acid with D, gas and palladium black in ethanolic 
solution of ammonia (13) (Preparation I). Another sample was synthe- 
sized by bromination of a, B-dideuterio propionic acid and reaction of the 
bromo derivative with ammonia (Preparation II). Preparation III was 
prepared from deuterio acetaldehyde and ammonium cyanide. In order 
to determine the isotope concentrations at the 8-carbon atom, samples of 
the three alanine preparations were oxidized to acetaldehyde by chloramine- 
T and the acetaldehyde to acetic acid by KMnQ, (8). The hydrogen 
atoms at the 8-carbon atom of the three different alanine samples con- 
tained as follows: Preparation I 22.0, Preparation II 30.0, Preparation III 
60.7 atom per cent excess deuterium. 

dl-y-Phenyl-a-aminobutyric Acid—The compound was prepared according 
to du Vigneaud and Irish (14). Nitrogen (Kjeldahl), 7.8; calculated, 7.8. 

l(+)-Phenylaminobutyric Acid—The I(+)-y-phenyl-a-acetaminobutyric 
acid excreted by rats which had been given the racemic amino acid was 
hydrolyzed by heating with 2N HCl. The /-phenylaminobutyric acid iso- 
lated had a rotation of [a], = +46.0°; 2 per cent in N HCl. N (Kjeldahl) 
found, 7.7 per cent; calculated, 7.8. 

d(— )-Phenylaminobutyric Acid—In the resolution of the racemic pheny]- 
aminobutyric acid the procedure of du Vigneaud et al. was followed (15), 
the isomeric phenylethylamine salts of the carbobenzoxy derivative of 
the amino acid being used. The d isomer obtained had a rotation of 
a, = —45.5°, for a 1 per cent solution in N HCl. N (Kjeldahl) found, 
7.8; calculated, 7.8. 

Animal Experiments—In all experiments adult male white rats weighing 
between 200 and 300 gm. were used. The animals were kept in metab- 
olism cages and fed a stock diet containing 71 per cent starch, 15 per cent 
casein, 3 per cent cottonseed oil (Wesson oil), 2 per cent cod liver oil, 
5 per cent yeast, 4 per cent salt mixture (16). The animals received 
12 to 15 gm. (according to their weights) of this stock diet to which was 
added the sodium salt of isotopic acetate, phenylaminobutyric acid, 
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p-aminobenzenesulfonamide, or p-aminobenzoic acid. Urine was collected 
until 24 hours after the last administration of food, and pooled. At the 
end of the experimental period the funnels for urine collection were washed 
with 1 per cent sodium hydroxide and the washings combined with the 
pooled urine. 

Isolation of l-Acetylphenylaminobutyric Acid—The isolation of the 
acetyl derivative was carried out as previously described (8). The produet 
was recrystallized until it melted at 179-180° (corrected). N calculated, 
6.33; N found for all samples, 6.2 to 6.4. The yields of pure acetyl] deriva- 
tive recovered from the urine were 30 to 35 per cent after the feeding of 
dl-phenylaminobutyric acid, 40 to 45 per cent after the feeding of /(+)- 
phenylaminobutyric acid, and 20 to 25 per cent after the feeding of d(—)- 
phenylaminobutyric acid (15). The rotation was determined in three 
typical experiments: (a) acetyl! derivative isolated after feeding dl-phenyl- 
aminobutyric acid (Experiment 3, Table I), [a], = +27.7° (2 per cent in 
ethanol); (b) acetyl derivative isolated after feeding /(+ )-phenylamino- 


butyric acid (Experiment 3, Table II), [a], = +27.5° (2 per cent in 
ethanol); (c) acetyl derivative isolated after feeding d(— )-phenylamino- 
butyric acid (Experiment 4, Table II), [a], = +28.3° (2 per cent in 


ethanol). 

Isolation of Acetyl-p-aminobenzoic Acid—The samples of urine were 
made alkaline to phenolphthalein and extracted continuously with ether 
for 5 hours. They were then acidified to Congo red and extracted con- 
tinuously with ether for 24 hours. The ether extract from the acidified 
urine was concentrated and the residue dissolved in a small volume of 
N H.SO,, when acetyl-p-aminobenzoic acid crystallized. The produet 
was recrystallized from water with addition of charcoal until the melting 
point was 255-260° (uncorrected), with decomposition. N calculated, 
7.82 per cent; found for all samples, 7.7 to 7.9 per cent. 

Isolation of Acetylsulfanilamide—The procedure of Bernhard (7) was 
followed. The samples were recrystallized from water until they had a 
melting point of 217-218° (corrected). N calculated, 13.1 per cent; found, 
13.1 to 13.3 per cent. 

The quantities of acetylsulfanilamide or acetyl-p-aminobenzoic acid 
which could be isolated in pure form varied in different experiments, and 
in most cases were less than 5 per cent of the amount of amine fed. 

Isolation of Cholesterol—Cholesterol was isolated either as the digitonide 
or as free cholesterol, as described before (1). 

The deuterium concentrations of the acetyl groups were obtained 
(Tables I to IIIl) by determining the deuterium concentrations of the 
acetyl compounds and assuming that all the deuterium was present in the 
acetyl group. No attempt was made to analyze acetic acid after hydrolysis 
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of the acetyl derivative, since acetic acid exchanges slowly at elevated 
temperatures (17). It was shown, however, that the isotope in the acetyl- 
amino acid was present almost entirely in the acetyl group. A sample of 
isotopic acetylphenylaminobutyric acid isolated from one of the feeding 
experiments was hydrolyzed by refluxing with 2 N HCl and the free phenyl- 
aminobutyric acid analyzed. It contained no excess of deuterium. 

The observation by Fishman and Cohn (18) that the acetyl group of the 
excreted acetylphenylaminobutyric acid contains deuterium when the 
body fluids of the animals are enriched with D,O made it seem possible 
that some of the isotope content of the acetyl groups in the present experi- 
ments could have been due to the introduction of deuterium from the 
body fluids. However, the deuterium cancentrations of the body fluids 
in the present experiments were always quite low. No appreciable error is 
therefore introduced by disregarding the deuterium content of the amine. 
The possibility that some of the isotope in the excreted acetyl derivative 
might have been lost by exchange during the isolation procedure was 
diminated by the following experiment. A solution of 0.500 gm. of 
normal di-acetylphenylaminobutyriec acid in 50 ml. of D.O (8 atom per 
cent excess D) was refluxed for 5 hours. When cold, the acetyl derivative 
was filtered, washed with ordinary water, and reprecipitated after solution 


‘in dilute alkali. It contained no excess deuterium. 


Analysis of Isotopic Acetylphenylaminobutyric Acid Containing C™ 
0.25 gm. of l-acetylphenylaminobutyric acid isolated after the feeding of 


| sodium acetate containing 42.5 atom per cent excess deuterium and 1.13 


— 





atom per cent excess C'™ was hydrolyzed by refluxing in 2 N sulfuric acid 
for 3 hours. Acetic acid was distilled from the reaction mixture and 
converted into silver acetate. Ag content, found, 63.7; calculated, 64.7. 

For C® analysis the silver acetate was burned and the CO2, analyzed in 
the mass spectrograph, showed 0.057, 0.060 atom per cent excess C™. 
Asecond sample of acetylphenylaminobutyric acid isolated from the same 
experiment was analyzed for deuterium. The acetyl group contained 
2.28 atom per cent excess deuterium. The ratio of D to C™ in the acetyl 
group was therefore 2.28:0.058 = 39.3; in the sodium acetate administered 
the ratio was 42.5:1.13 = 37.6. 

DISCUSSION 
When deuterio acetate is administered the excreted acetylamino com- 


pound has a lower deuterium concentration than the dietary acetate. The 
stability in vivo of the carbon-hydrogen bond in acetic acid was proved by 


| the experiment in which the dietary acetate was labeled with both deu- 


terium and C"; the ratio of the isotopes in the acetyl groups of the excreted 
amino acid (39.3) was within experimental error, the same as in the acetate 
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fed (37.6). The stability in vitro of the carbon-hydrogen bond of acetie 
acid at room temperature (17) thus persists in vivo. 

In Table I are listed the deuterium concentrations of the acetyl groups 
of the acetylphenylaminobutyric acid excreted after administration of 
deuterio acetate. The data show that the isotope dilution factor, 7.e. the 
ratio of the percentage of D in the acetate fed to that in the acetyl group, 
is inversely proportional to the quantity of acetate fed per unit of body 
weight. If the dosage in one experiment is twice as high as in another, the 
isotope concentrations of the excreted acetyl groups will also be twice as 
high. The product of the dosage and the dilution factor is a constant? 


TABLE I 

Deuterium Concentrations in Acetyl Groups of Acylamino Acids Excreted after 

Simultaneous Feeding to Rats of Sodium Deuterio Acetate and dl-y- 
Phenyl-a-aminobutyric Acid 








Deuterio acetate fed Deuterium concentra- | Product, 
per day di-Phenyl- ‘ tion in Dilution | dosage Xx 
Experi- | a SA Naar” gee DO factor | dilution 
ment No : i | acid fed feeding a * “ae Acetyl o nnn 
(a | ) | (e | water crm ) 

|"cm! body | cont excess | "gm body | days | 200m per | atom per | 

weight | deuterium | weight | | 
1 | 0.078 | 68.0 | 0.45 | 5 | 0.02 | 0.22 | 300 | 24.1 
0.078 | 68.0 | 0.45 | 5 | 0.02 | 0.24 | 293 | 228 
2 0.81 | 54.1 | 0.10 10 | 0.07 | 1.88 | 28.8] 23.8 
$ | 1.22 | 425 | 045 | 5 | 0.06 | 2.30 | 18.5 | 225 
4 | 1.52 27.6 | 0.55 | 4 | 0.07 2.10 | 13.1 19.9 
1.52 | 276 | 055 | 6 | 0.07 | 1.92 | 14.4] 219 
1.52 | 27.6 } 055 | 8 | 0.07 | 1.95 | 14.1] 214 
5 | 1.60 | 54.1 | 055 | 4 | 4.57 | 11.8] 18.9 
| 1.60 | 541 | 0.55 | 4 | 4.58 | 11.8] 18.9 
6 | 168 | 69 | 044 | 5 | 0.02 | 0.60 | 11.5] 1938 
| 1.68 6.9 | 044 | 5 | 0.63 | 11.0 | 18.5 


This relation holds over a wide range. In our present experiments a 20-fold 
variation of the level at which acetate is administered did not affect the 
constancy of this product. 

In Experiment 4, Table I, three rats received the same daily addition of 
acetate, one of the animals for 4, another for 6, and the third for 8 days. 
The isotope concentrations in the acetyl groups excreted in all three cases 
were the same. This indicates that storage of acetate or of the acetylating 


? From theoretical considerations we should expect the value, (dilution factor 
minus 1) X amount of acetate fed per unit of body weight, to be constant. However, 
since in our experiments the dilution factor is large we have calculated the product 
of dilution factor by acetate fed per unit of body weight. 
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agent does not occur; if it did, the deuterium concentration should increase 


| with time. It may be inferred that the isotope content of the acetyl 


group excreted at any time is representative of the metabolic mixture of 
dietary and endogenous acetate then at the site of acetylation and that the 
rate of the acetylation reaction is rapid. 

The possibility that the production of endogenous acetate is stimulated 
by a foreign amino acid, such as phenylaminobutyric acid, was tested in 
Experiment 2 by decreasing the dietary addition of foreign amino acid to 
about one-fifth of that in other experiments. The product of dilution 


TaBLe II 


Deuterium Concentrations in Acetyl Groups of Acylamino Acids after Simultaneous 
Feeding to Rats of Sodium Deuterio Acetate and Foreign Amino 
Compounds for 8 Days 














| Deuterio acetate fed | Deuterium con- | Dilu. | Product, 
. per day centration in | tion dosage X 
ag i Amino acid fed ALES Bg | 4 | ones dition 
rs @) | Body | Acetyl] | (ayy 
, ¥ | water (a) \¢) (d) 
| mat per atom per atom | atom | 
—o | cent excess | per cent) per cent 
weight | deuterium | excess | excess 
| 1.57 | 6.9 | p-Aminobenzoie acid | 0.02 | 0.59 | 11.8 18.5 
1.57 6.9 4 es | 0.02 | 0.67 | 10.4 16.3 
1.57 | 6.9 “ “ | 0.02 | 0.60| 11.6| 18.2 
2 1.60 54.1 | dl-Phenylaminobutyric acid) 0.08 | 4.57 | 11.8 18.9 
1.60 | 54.1 | _ “| 0.08 | 4.58 | 11.8} 18.9 
3 | 1.60 | 54.1 l(+)-Phenylaminobutyric | 0.09 | 4.13 | 13.1 21.0 
| acid 
1.60 | 54.1 | 9 " 0.09 | 4.96 | 11.0] 17.6 
4 | 1.51 | 54.1 | d(—)-Phenylaminobutyric | 0.10 | 4.99] 10.8 | 16.4 
| | acid 
|} 1.51 | 54.1 | . * 0.10 | 3.80 | 14.2} 21.4 
5 | 0.91 | 60.0 | Sulfanilamide | 0.09 | 2.92 | 20.5 | 18.7 
| 0.91 | 60.0 | o 0.09 | 3.67 | 16.4] 14.9 





factor by dosage of acetate was not affected. Furthermore, following 


| administration of p-aminobenzoic acid or sulfanilamide (Experiments | 





and 5, Table II), which, in contrast to phenylaminobutyric acid, are 
mainly excreted unchanged or as glycuronides, the observed dilution 
factors are almost identical. 

The dilution of isotope occurring in the acetylation reaction in the 
presence of dietary deuterio acetate must therefore be the result either of a 
dilution of the dietary acetate by endogenous acetate or of a formation of 
acetyl groups from non-acetate precursors. At least part of the isotope 
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dilution must be caused by acetic acid normally formed in intermediary | 


metabolism, for the excretion of deuterio acetyl groups after the feeding 
of labeled butyrate, myristic acid, and leucine, described in earlier paper 
(8, 19), can be explained only on the assumption that these compounds 
yielded acetic acid on degradation. Evidently, then, acetic acid will arise 
normally from fatty acids and some amino acids. If deuterio acetate js 
added to the diet, it will merge with the normal acetic acid and its isotope 
concentration thus can become diluted prior to the acetylation. 

Though the appearance of deuterio acetyl groups is proof of the participa. 
tion of acetic acid in acetylation reactions, the possibility still exists that 
part of the acetyl is of different origin. Pyruvie acid has been shown to 
acetylate choline in vitro in the presence of an oxidizing agent (20). A 
similar mechanism operating in vivo would lead to acetyl groups with only 
normal hydrogen and would lower the isotope content of the excreted acetyl 
derivative. 

A mechanism involving pyruvic acid has been proposed by Knoop (II) 
and discussed by du Vigneaud e¢ al. (15). Our finding that the administra- 
tion of deuterio alanine and phenylaminobutyric acid results in the excretion 
of acetyl groups containing a high concentration of deuterium can be 
interpreted in two ways.’ Pyruvic acid arising from alanine may have 
been degraded to acetic acid which in turn was utilized as a source of 
acetyl. If this were the case, deuterium should be found in all the produets 
which deuterio acetate is known to form; z.e. not only in the acetyl group 0 





phenylaminobutyric acid but also in acetylaminobenzoic acid, acetyl | 


sulfanilamide, and in cholesterol. The data given in Table III donot 
support this view. The acetyl groups of aminobenzoic acid and sulfani- 
amide had a deuterium content only 10 to 20 per cent of the value whieh 
should result from complete breakdown of alanine to acetic acid (Table III). 
Furthermore, alanine is the only compound so far encountered which is an 
effective source of acetyl groups for phenylaminobutyriec acid but fails to 


give rise to deuterio cholesterol. On the other hand, acetyl] groups may | 


arise from alanine (or pyruvic acid) by direct condensation of pyruvate with 


* We believe that a direct utilization of alanine by transamination with phenyl: | 


ketobutyric acid is not involved, since no significant concentrations of N™ were 
found in the excreted acetylphenylaminobutyric acid when N"-containing alanine 
was fed. It is generally accepted that a large fraction of dietary alanine is converted 
to pyruvic acid. Deuterio alanine therefore acts as a source of deuterio pyruvic acid. 
When deuterio pyruvate was administered as a source of acetyl, the excreted acetyl 
derivative contained only one-fifth of the deuterium concentration which resulted 
from the feeding of corresponding amounts of alanine. Sodium pyruvate is a chemi 
cally unstable compound and we cannot be certain that all of the pyruvate ingested 
by the animal »«ached the liver unchanged. We therefore believe that the results 
obtained with pyruvate do not invalidate the assumption that alanine acts as 4 
source of acety! by way of pyruvic acid. 
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aforeign amino acid and subsequent dehydrogenation of the product (Knoop 
mechanism). The fact that aromatic amines take up but little acetyl 
fom alanine may be ascribed to their lack of hydrogen at the carbon atom 
attached to the nitrogen, and their consequent inability to yield imino 
compounds analogous to imino acids. The possibility that the breakdown 
of alanine to acetic acid was inhibited by the aromatic amines was tested 


| by simultaneous administration of deuterio alanine, phenylaminobutyric 
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wid, and p-aminobenzoie acid. From the mixture of acetyl derivatives 


TaB.Le III 


Deuterium Concentrations in Acetyl Groups of Acyl Derivatives and in Cholesterol after 
Simultaneous Feeding of Deuterio dl-Alanine and Foreign Amines for 8 Days 


| Deuterium concentration in 


Exper- a Deuterio di-ala- ; 
ioeet Amine fed per 100 gm. of rat weight nine ded | Body orn ( bolesterel 
— saat Liver | Carcasst 
aiom | | | 
per cent 700 eo aiom | atom atom | atom 
» gm. . 
mg. | excess | vad | per cent | per cen! | per cent | per ceni 
deute- . eight excess excess excess | excess 
rium* ahs. 
1 | dl-Phenylaminobutyric | 100 | 60.7 | 0.84 | 0.09 1.51 | 0.021 | 0.018 
acid 100 | 60.7 0.84 | 1.58 
100 60.7 | 0.84 | 1.74 
2 | l-Phenylaminobutyric 50 60.7 0.83 | 0.08 2.14 


acid 
| + p-aminobenzoic acid| 50 
3 | p-Aminobenzoic acid 100 | 22.0 | 1.6 | 0.130) 0.25 | 0.031 | 


33 | 30.0 | 1.5 | 0.151 | 0.36 | 0.020 | 0.006 
100 | 60.7 | 0.81 0.08 | 0.18 | 0.025 | 0.011 
100 | 60.7 | 0.81 | 0.18 | 

4 | Sulfanilamide 55 | 60.7 | 0.91 0.10 | 0.27 | 0.024 | 0.013 
55 | 60.7 | 0.91 | 0.10 | 0.36 


* Calculated for the hydrogen atoms at the 8-carbon atom. 
t When equivalent amounts of deuterio acetate containing 54 atom per cent excess 
D, were fed, the carcass cholesterol contained 0.25 atom per cent excess Dg. 


excreted in the urine, acetylphenylaminobutyriec acid was isolated. Its 
isotope concentration was not depressed; the inability of alanine to acety- 
late aromatic amines can therefore not be due to an interference of alanine 
breakdown by these compounds. It would appear likely that when 
deuterio alanine is fed the small deuterium concentrations in acetylamino 
benzoic acid and in acetylsulfanilamide are due to the formation of acetic 
acid from pyruvic acid at the site of acetylation. The data (Table III) 
suggest that in the liver this reaction constitutes only a minor pathway of 
pyruvate metabolism. 
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The data given in Table II indicate that the product of the dosage of 
dietary deuterio acetate and the dilution factor varies but little with the 
nature of the foreign amine administered. The finding that acetic acid js 
an equally effective acetylating agent in each case suggests that essentially 
the same mechanism involving direct condensation with acetic acid may be 
concerned in the acetylation of d- and |-phenylaminobutyric acids, p-amino- 
benzoic acid, and sulfanilamide. The average value of this product for all 
experiments with phenylaminobutyric acid is 21.0, as compared to an 
average of 17.3 for the experiments with sulfanilamide and aminobenazoig 
acid. As the number of such experiments is small, the difference between 





these two values is not statistically significant; the results can be regarded | 


merely as concordant with the hypothesis that in the acetylation of a-amino 
acids only a small part of the isotope dilution is due to the formation of 
acetyl by a mechanism which does not involve acetic acid. 

Acetylation of Optically Active Phenylaminobutyric Acid—Bernhard has 
observed the utilization of deuterio acetate for the biological acetylation of 
both d- and l-hexahydrophenylalanine (21) to yield the acetyl-l-amino 
acid. Under our experimental conditions very nearly the same dilution 
factors were obtained for the acetyl group of racemic phenylaminobutyrie 
acid and its two optical isomers (see Table II). The mechanism involved 
in the acetylation of the optically active phenylaminobutyric acids has 
been studied in great detail by du Vigneaud et al. (15), with the aid of 
heavy nitrogen and deuterium. No decision was possible from the work 
of these authors as to the nature of the acetylating agent, although the 
mechanism involving either pyruvic acid as originally suggested by Knoop 
or acetate appeared to account satisfactorily for the experimental findings. 
Bernhard’s data, as well as our own, definitely establish the ability of acetie 
acid (either as such or as a biochemically active derivative, such as acetyl 
phosphate) to acetylate amines. 

It seems that the inversion of the unnatural acid is not necessarily linked 
with acetylation and the process of hydrogenation and dehydrogenation pos 


tulated (15) to explain the uptake of deuterium in the a position of a foreign | 


amino acid seems to be incidental. Indeed it is possible for a d-amino 
acid to be acetylated without inversion, as was shown by du Vigneaud, 
Wood, and Binkley (22) in the case of p-bromophenyl-d-cysteine. The keto 
acid formed by deamination of the d isomer will be reaminated to the 
natural amino acid which can then be acetylated by acetic acid in a sub 
sequent reaction. Though our experiments demonstrate that /-pheny 
aminobutyric acid can be acetylated by deuterio alanine, we have n0 
information as to whether the same holds true for the d isomer. 

Fishman and Cohn (18) have reported that in animals whose body fluids 
are enriched with D,O, the administration of either p-aminobenzoic acid, 
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: of | phenylaminobutyric acid, or sulfanilamide leads to the excretion of acetyl 
the | derivatives containing from 2 to 3 atoms of deuterium in the acetyl group. 


d is 


In the course of the 8 oxidation of the fatty acids, acetate becomes available. 


ally | As the a-hydrogen atoms of 8-keto acids are extremely active in exchange 
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reactions, deuterium from the body fluids could readily enter, and in the 
hydrolysis of the 8-keto acid to yield acetic acid, 1 more atom of deuterium 
could be introduced into the methyl group. Once the acetic acid is formed 
the deuterium in the methyl group is stably bound. The suggestion that 
acetic acid is the major source of acetyl groups is therefore entirely con- 
sistent with the findings of Fishman and Cohn, whose experiments further 
indicate that pyruvate cannot be the sole source of acetyl groups, for the 
methyl group of pyruvate does not exchange its hydrogen atoms readily, 
as is shown by the study of Reitz on the glucose fermentation in D,O (23). 

Another acetylating agent which may be postulated is acetoacetate. 
This assumption requires that acetic acid condenses to form acetoacetic 
aids in which both the carboxyl carbon atom and the $-carbon atom 
originate from the carboxyl carbon atom of acetic acid. This is necessary, 
for we have demonstrated that both halves of butyric acid are employed 
in forming acetyl groups (8). Since such a condensation would involve 
loss of carbon-bound deuterium, but not of C™, the ratio of the concentra- 
tion of these isotopes (D:C"*) in the excreted acetyl group would be different 
from that in the acetate fed. Since this is not the case, we may exclude 
acetoacetate as the direct acetylating agent. 

We therefore conclude from our data that acetic acidsis the only acety- 
lating agent for aromatic amines and the major one for a-amino acids, and 
that the dilutions observed are the result of a large daily formation of 
acetic acid. It is permissible to draw quantitative deductions from the 
results of the isotope dilution technique if the acetylation reaction is shown 
to involve no dilution other than that by endogenous acetic acid. The 
data submitted here eliminate a number of other reactions as being re- 
sponsible for the isotope dilution of the dietary deuterio acetate. If, as 
appears probable, acetic acid is the sole source of acetyl groups for sulfanil- 
amide and p-aminobenzoic acid, the dilution occurring in the acetylation of 
these aromatic amines may be taken as a direct measure of acetic acid 
formation by the animal. The existence of two separate acetylating 
mechanisms for phenylaminobutyric acid, i.e. direct acetylation by acetic 
acid and condensation with pyruvic acid, introduces but little uncertainty 
into conclusions derived from experiments with this a-amino acid, since 
acetic acid is quantitatively a much more important source of acetyl groups. 

From the dilution factors observed it can be estimated that about 15 to 
20 mm (0.9 to 1.2 gm.) of acetic acid are formed daily per 100 gm. of rat 
tissue. The major portion of the acetic acid probably arises from 6 








ee ae 


56 ACETIC ACID FORMATION 


oxidation of fatty acids. This mechanism, potentially, can account for 
these quantities of acetic acid. A 300 gm. rat contains about 20 gm. of 
tissue fatty acids, half of which are destroyed and resynthesized in about 
9 days (24). Thus, approximately 1.6 gm. of fatty acids are destroyed 
daily, corresponding to 3.0 gm. of acetic acid daily. We calculate from 
the data in this paper that a 300 gm. rat would produce about 3 gm. of 
acetic acid daily. The site of the acetylation reaction is presumed to be 
the liver (25). If acetic acid were formed in extrahepatic tissues, then it 
is possible that the dietary deuterio acetate does not merge with all of the 
acetate produced by the animal. The dilutions observed in the acetyl 
groups would then represent minimum values of endogenous acetic acid 
production. 

The influence of dietary additions on the acylation of foreign amines, 
such as sulfanilamide or p-aminobenzoic acid, has frequently been investi- 
gated by determining the ratio of acetyl derivative to unchanged amine 
excreted. It appears quite improbable that the balance type of experi- 
mentation with intact animals can furnish information onthe mechanism 
of the acetylation reaction. Inspection of such data reveals a very con- 
siderable variation of the control values. Moreover, it has been claimed 
on the basis of such experiments that dietary acetate is incapable of increas- 
ing the percentage of acetylation (26, 27). The experiments of Bernhard 
and those reported here clearly demonstrate, however, that dietary acetate 
can acetylate amines. We have observed that the absolute amounts of 
acetyl derivative @xcreted are independent of the addition of acetate or 
acetyl precursors. These must be available from normal metabolic 
reactions in quantities more than adequate for acetylation of the foreign 
amines. However, when isotopic test substances are employed, no note 
need be taken of the yield of acety] derivative, for the appearance of isotope 
in the acetyl group is evidence of utilization. 

Estimation of Cholesterol Formation from Acetate—In one of the experi- 
ments in which rats had been given deuterio acetic acid in conjunction with 
phenylaminobutyric acid (Experiment 2, Table I), cholesterol was isolated 
separately from the liver, from the remaining internal organs, and from the 
eviscerated carcass. The sterol samples contained 0.50, 0.45, and 0.25 
atom per cent excess, or 27, 24, and 13 per cent respectively of the deuterium 
concentration in the acetyl group of the acetylphenylaminobutyrie acid 
excreted. If the metabolic mixture of normal and isotopic acetate available 
for cholesterol formation has the same composition as that used for the 
acetylation, then at least 27 per cent of all hydrogen atoms of the liver 
cholesterol had been derived from acetic acid. As in the utilization of 
each C, unit for the sterol structure, 2 hydrogen atoms from the body fluids 
must be taken up for every 2 from the acetate, at least 54 per cent of the 
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cholesterol carbon atoms was supplied by acetic acid. The replacement 
of total body cholesterol in mice by sterol synthesized de novo proceeds 
with a half time of 15 to 25 days (10). Comparable figures for the rat are 
not available as yet. In the present 8 day experiment in which cholesterol 
was isolated, twice as much newly formed cholesterol was present in the 
liver as in the carcass, indicating differences in the rates of cholesterol 
turnover for different tissues. Nevertheless, it is not certain that replace- 
ment of the liver cholesterol by newly synthesized material had approached 
completion within the 8 day experimental period. Determination of the 
half life time of liver cholesterol will permit us to estimate more accurately 
the extent to which acetate serves as a cholesterol precursor. 


We are indebted to Mr. M. M. K. Zung for valuable assistance in the 
course of this work. 


SUMMARY 


1. The acetylation of foreign amines by acetic acid has been quantita- 
tively investigated in the rat. 

2. By employing acetate labeled with C’*, as well as deuterium, it has 
been shown that no loss of deuterium due to exchange reactions occurs 
in the acetylation reaction. 

3. Acetic acid is an effective acetylating agent for p-aminobenzoic acid, 
d- and /-phenylaminobutyric acids, and sulfanilamide. 

4. Evidence is presented to show that acetic acid is the only acetylating 
agent for the aromatic amines, sulfanilamide and p-aminobenzoic acid. 

5. Acetic acid is the major source of acetyl groups in the acetylation of 
phenylaminobutyric acid, which, however, can also be acetylated by a 
mechanism probably involving pyruvic acid. 

6. From the dilution of the acetate fed it is calculated that 15 to 20 mm 
of acetic acid are formed daily per 100 gm. of rat tissue. It is suggested 
that the major part of this acetate arises from the oxidation of fatty acids. 

7. It is estimated that at least half of the carbon atoms of cholesterol are 


derived from acetate. 
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SOME BIOLOGICAL EFFECTS PRODUCED BY 
a-TOCOPHEROL QUINONE 


By D. W. WOOLLEY* 
(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 


(Received for publication, March 1, 1945) 


During a study of inhibitory structural analogues of metabolites (1), 
it has been observed that the administration of a-tocopherol quinone to 
pregnant mice resulted in the resorptive interruption of pregnancy. Since 
yarious signs associated with deficiencies of several vitamins have been 
called forth in animals by the feeding of compounds analogous in structure 
to the vitamins concerned with these manifestations (1-5), investigations 
have been in progress to determine more about such phenomena. In 
particular, the possible application of such results to pharmacology has 
been examined. The present findings ensued when attempts were made 
to produce the signs of tocopherol deficiency by administration of a suitable 
structural analogue of this vitamin. 

It is known that in mature rats or mice tocopherol deficiency manifests 
itself to a large extent by death and resorption of the embryos during the 


_ latter part of the gestation period. Such signs as muscular dystrophy or 


death are seen only after prolonged deprivation, and usually not until the 
second generation in these species. This restriction of the signs of defi- 
ciency to pregnant animals prompted the present work. It was found that 
a-tocopherol quinone called forth in mice manifestations related to those 


_seen in tocopherol deficiency. Equivalent doses of the compound were 


without detectable effect on non-pregnant mice, although if the dose was 
increased sufficiently some evidence of toxicity was seen in such animals. 
No muscular dystrophy was observed following use of the agent. Further- 
more, no permanent damage was done to the ability to reproduce, since 
animals which had been through a resorption produced litters when they 
were returned to stock rations and remated. 

Although the signs elicited by tocopherol quinone resembled in some 


tespects those seen in tocopherol deficiency, they were not prevented by 


_ atocopherol acetate. It was then observed that resorption was usually 


accompanied by excessive vaginal bleeding. When attempts to prevent 
this hemorrhage by administration of vitamin K were made, it was found 


‘that both the hemorrhage and the resorption were overcome by this 


vitamin. Inspection of the formulae of the three substances under con- 


_ sideration revealed a structural analogy among all three. The action of 


* With the technical assistance of M. L. Collyer. 
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the quinone, however, differed from that of such a structurally related t 


antagonist of vitamin K as 3,3’-methylenebis(4-hydroxycoumarin) in its 
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selective effect on pregnant mice, in the fact that the hemorrhages were 
confined to the reproductive system, and that no marked prolongation of 
prothrombin time was observed, following the use of the quinone. 

A few other structural analogues of a-tocopherol were synthesized and 


tested for biological effect, but these compounds were inactive under the | 


conditions tried. 


EXPERIMENTAL 


Materials—Synthetic dl-a-tocopherol and its acetate were used. «& | 


Tocopherol quinone was made by oxidation of a-tocopherol with gold 
chloride according to the method of Karrer and Geiger (6). “‘Demethyl- 
tocopherol,” that is a-tocopherol without the three —CHs; groups on the 
benzene ring, was prepared from phytol! and hydroquinone monobenzoate. 
Several attempts were made to condense trichlorohydroquinone with 
either phytyl bromide or phytol, but the unchanged trichlorohydro- 
quinone was always recovered in good yield from the reaction mixture. 
It would be of interest to assay the desired condensation product, if it 
could be obtained, since it would bear the same relationship to a-tocopherol 
as the successful antagonist, 6,7-dichloro-9-ribityl-isoalloxazine, bears te 
riboflavin (7). Similarly, no success was encountered in attempts t 
condense ally] bromide with trichlorohydroquinone. 

Assay Procedure—Adult female mice from the stock colony were caged 
in groups of four in metal boxes with wood shavings on the bottoms. One 
male was placed in each box before the females were admitted. Usually 
both males and females were of proved fertility, but occasionally virgin 
females were employed. Water and food were supplied ad libitum. The 
ration was composed of sucrose 60 parts, vitamin-free casein 20 parts, 
salts (8) 5 parts, dried brewers’ yeast 5 parts, lard 5 parts, cod liver oil 4 
parts, and the following crystalline vitamins in mg. per 100 gm. of ration: 


1 We wish to thank Dr. H. M. Wuest of Hoffmann-La Roche, Inc., for generous | 


gifts of phytol and phytyl bromide. We are also indebted to Dr. K. C. D. Hickma 
of Distillation Products, Inc., for quantities of natural tocopherol concentrates used 
in several preliminary synthetic investigations. 
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thiamine 0.2, riboflavin 0.5, pyridoxine 0.2, calcium pantothenate 2.0, 
nicotinic acid 10, inositol 100, and choline 100. On the 5th day of preg- 
nancy oral administration of the compounds to be tested was begun. The 
females were dosed daily until parturition or resorption occurred. The 
animals were weighed once weekly for the first 2 weeks. They were then 
eaged separately and weighed daily until the end of the experiment. All 
animals except those upon which autopsies were performed at the time of 
resorption were maintained for 3 weeks after they were isolated in individual 
cages. 

Effect of dl-a-Tocopherol Quinone on Pregnant Mice—The daily oral 
administration of 100 mg. of dl-a-tocopherol quinone caused no detectable 
signs of disease in pregnant mice until the 3rd week of gestation. Then 
the rapid increase in weight was suddenly arrested at the 14th to 19th day, 
and about a day later extensive vaginal bleeding occurred. This some- 
times continued intermittently for a day or two, but in many cases there 
appeared to be just one hemorrhage. The loss of blood was usually so 
extensive that the animals became markedly anemic. A few died 2 or 3 
days after the first hemorrhage, due to excessive loss of blood. Precipitous 
loss of weight occurred usually beginning 1 day after the first hemorrhage. 
When autopsies were performed on animals which had begun to lose 
weight, the embryos appeared as slightly bloody masses usually amorphous 
unless they were seen at the onset of the changes described. No hemor- 
thages from other parts of the body were encountered. Following the 
onset of resorption the weight declined to that in the non-pregnant state, 
or slightly less, and remained at about this level. The animals appeared 
to be ill for a few days after the episode, but soon began to eat well, and 
to recover from the anemia. Two instances were observed in which 
resorption occurred without hemorrhage. Some data to illustrate the 
effects of tocopherol quinone are shown in Table I. 

Relative Potency of a-Tocopherol Quinone by Oral and Intraperitoneal 
Routes in Mice—It can be seen from the data in Table I that it required 
100 mg. per day by the oral route to achieve the desired effect. To learn 
whether this large dose might be in part due to the water insolubility and 
poor absorbability of the compound, the quinone was tested by the intra- 
peritoneal route. It was expected that tocopherol quinone, like many 
other oily substances, would be absorbed rather slowly from the abdominal 
cavity, and thus that one single dose would suffice for considerable periods 
of time. It was found that the colored quinone could still be seen readily 
in the peritoneal cavity 2 weeks after 400 mg. had been injected. To 
| determine the activity of the quinone by this route in the production of 
tesorptive interruption of pregnancy, a single dose was given intraperi- 
toneally on the 4th or 5th day of pregnancy. As can be seen from the 
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data in Table I, the compound was much more active by this route than 
by oral administration. t 
With a single intraperitoneal dose of 400 mg. no signs were seen fora | i 
week following injection. However, during the last week of pregnancy all 
of the six mice so treated resorbed. Two of these died at the beginning of | d 
the last week of gestation without exhibiting hemorrhage externally, | 0 
but with extensive bleeding into the peritoneal cavity. Towards the end 
of this last week three of the remaining mice showed signs similar to those 
described above in animals given the agent orally.2 These three died | 
from loss of blood. The remaining mouse lost weight but recovered. 
With single intraperitoneal injections of 200 mg. of the quinone, results 
comparable to those obtained with daily oral doses of 50 mg. were found. | A 


aos f& 
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TaBLe I or 
Effect of Various Analogues of a-Tocopherol in Pregnant Mice 
' | | Intra- | woof | woot | Average | Nog 
Compound Ora! dose peritoneal | oubeole litters | — deaths Ef 
| wy “" | | rsd 
SS SD ee ee | 33 33 6 0 
‘‘Demethyl-tocopherol”’.......| 50 0 4 4 4 0 ‘a 
dl-a-Tocopherol quinone..... | 10 0 4 4 7 0 
“ a | 50 0 8 4 6 0 
«“ Mir haga nes | 100 0 4 2 3 2 Nor 
a o hel 200 2 8 5 2 dl-a 
nd ms - | 0 400 0 5 
2-M 
* This was the total amount of material used per gestation. — 
t In two experiments the basal animals were dosed orally with 100 mg. of olive ail 
per mouse per day. This had no adverse effect that was detectable. dos 
the 
It was concluded that intraperitoneal injection allowed greater expression _tjpp 
of potency. P 
Effect of dl-a-Tocopherol Quinone on Non-Pregnant Mice—When n00- atte 


pregnant female mice were given 100 mg. of the quinone per day for6 | giv, 
weeks, no signs of disease were observed. When four immature female 

were given 150 mg. of the quinone per day for 3 weeks, no retardation @i | the | 
growth was encountered. One of these mice died after 2.5 weeks, but  qoce 
autopsy revealed no hemorrhage. Furthermore, the prothrombin timt| gp, 
(9) of the remaining three animals did not differ significantly from that 9.4. 
of controls not receiving the compound, or of normal mice from the stock, py 


? These three mice did not lose blood into the peritoneal cavity, but only externally 
from the reproductive tract. 
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colony. It was concluded that tocopherol quinone, even in doses greater 
than those which were effective in pregnant mice, was relatively innocuous 
in non-pregnant animals. 

Observations on Permanent Damage Caused by a-Tocopherol Quinone—To 
determine whether the quinone caused permanent damage to the ability 
of mice to reproduce, the following experiment was performed. Five 
animals which had resorbed their litters as a result of treatment with 100 
mg. of the quinone per day were placed back on the stock ration and re- 
mated. All five produced vigorous litters. It was concluded that no 
damage had been done to the ability to reproduce. 

Attempted Reversal of Effects of a-Tocopherol Quinone with a-Tocopherol 
Acetate—To determine whether or not the effects of a-tocopherol quinone 
could be prevented by tocopherol, pregnant mice were treated with daily 
oral doses of 100 mg. of the quinone, and in addition were given massive 


TABLE II 


Effect of Vitamin E and Vitamin K on Pregnant Mice Given 100 Mg. of dl-a-Tocopherol 
Quinone Orally 























r - Ave : 
Compound Oral dose | Monch, | tose | litter | Heist 
mg. per 
day 
ks cnnmiks babu h ss bn eReewes 8 0 1 
dl-2-Tocopherol acetate................} 20 4 0 1 
7 = saw kietry as ae 4 0 0 
2-Methyl-1,4-naphthoquinone......... | 0.02 12 12 7 0 





doses of dl-a-tocopherol acetate daily by mouth. As can be seen from 
the data in Table II, the vitamin was not able to prevent the manifesta- 
tions produced by the quinone. 

Prevention of Effects of a-Tocopherol Quinone with Vitamin K—When 
attempts were made by administration of vitamin K to prevent the exces- 
sive bleeding which usually accompanied the resorptive termination of 
pregnancy, it was found that not only the vaginal hemorrhages but also 
the resorptions were prevented. The data in Table II show that small 
doses of 2-methyl-1 ,4-naphthoquinone given along with tocopherol quin- 
one allowed the normal production of young. The vitamin was fed daily 
4 a solution in olive oil. 

Failure of 3,3’-Methylenebis(4-hydroxycoumarin) to Cause Interruption 
of Pregnancy—Since vitamin K reversed the effects of a-tocopherol quinone, 
and since vitamin K and the quinone are structural analogues, an experi- 
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ment was performed to determine whether another competitive structural 
analogue of vitamin K, namely 3 ,3’-methylenebis(4-hydroxycoumarin), 
would produce the same result as the quinone. ‘Ten pregnant mice were 
given daily oral doses of 0.4 mg. each of the coumarin. It was established 
previously that 1.0 mg. of the coumarin was fatal to all mice tested. One 
of the pregnant mice developed hemorrhages around the ears, and a second 
animal died during the 3rd week of the test. The others, as well as the 
hemorrhagic one, bore living young without apparent difficulty. There- 
fore, it was concluded that the quinone and the coumarin differed in their 
action on pregnant mice. 

Effect of a-Tocopherol Quinone on Prothrombin Time of Mouse Plasma—In 
view of the reversal by vitamin K of the action of the quinone, prothrombin 
times were determined on a number of treated mice as well as on control 
animals in an effort to learn whether signs of vitamin K deficiency other 
than hemorrhage were elicited by the quinone. Estimations were made 
according to the directions of Campbell et al. (9). Mice which had received 
daily oral doses of 100 mg. of the quinone, and which had manifested 
hemorrhage and resorption a few days before the test, were examined. 
The average prothrombin time for eight such mice was 31 seconds, while 
that for nine controls was 29 seconds. Controls did not differ significantly 
from mice on the stock diet in this respect. The animals were examined 
40 hours after they had received their last dose of the quinone. 


DISCUSSION 


The experiments with a-tocopherol quinone demonstrate once again 
that it is possible to produce specific pharmacological results by adminis- 
tration of suitable structural analogues of various metabolites. These 
manifestations can be predicted at least in part by a knowledge of the 
signs of deficiency of the metabolite concerned. By prior knowledge 
that tocopherol deficiency in mice or rats resulted in the resorptive inter- 
ruption of pregnancy, it was possible to proceed to an agent which would 
bring about a similar result. 

The fact that signs superficially resembling those of tocopherol defi- 
ciency were observed was of interest when it was found that tocopherdl 
failed to overcome the effect, and that vitamin K was active in this respect. 
The quinone may be regarded as a structural analogue of both vitamins. 
Furthermore, Tishler and Evans (10) have examined a compound whieh 
had vitamin E activity as well as vitamin K potency. The only sign 
related to vitamin K deficiency which was produced by the quinone was 
the hemorrhage. This manifestation was apparently confined to the 
reproductive system, and was not seen when similar doses of the compound 
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were given to non-pregnant animals.* Moreover, hemorrhage in the 
reproductive system of avitaminotic rats (11) and in the brains of chickens 
deficient in vitamin E (12) has been recorded. Finally, although the 
effects of the quinone were overcome by vitamin K, there was evidence 
that the mechanisms of action of the agent must not be viewed entirely as 
the production of vitamin K deficiency. The selectivity for pregnant 
animals would hardly be anticipated if vitamin K deficiency was the basis 
of the effect. Furthermore an agent such as 3 ,3’-methylenebis(4-hydroxy- 
coumarin), which produces signs similar to those of vitamin K deficiency, 
did not cause fetal resorption. 

On the other hand the relationship to tocopherol of the effect of the 
quinone was obscured by failure of that vitamin to reverse the manifesta- 
tions. Another difficulty was that muscular dystrophy was not produced 
by the quinone. ‘This may not be surprising, however, since in mice this 
sign of tocopherol deficiency is usually not seen until the second generation. 
It will be o1 interest to determine whether tocopherol quinone will cause 
muscular dystrophy in animals such as the rabbit which are more prone to 
this manifestation of avitaminosis E. It will also be instructive to learn 
whether the quinone will bring about resorptive interruption of pregnancy 
in those species in which this sign of tocopherol deficiency has not yet 
been observed. 

Amid such perplexities as these it would seem wise to regard the case of 
tocopherol quinone as a pharmacological model with relationships to both 
vitamin E and vitamin K., 

SUMMARY 

Administration of dl-a-tocopherol quinone to pregnant mice caused 
hemorrhage in the reproductive system and resorptive termination of 
pregnancy during the last week of gestation. Similar amounts of the 
compound were without detectable effect on non-pregnant mice. No 
permanent damage was done to the ability to reproduce. The action of the 
quinone was not prevented by large doses of a-tocopherol acetate, but was 
negated by small amounts of 2-methyl-1 ,4-naphthoquinone (vitamin K). 
The quinone was viewed as a structural analogue of both vitamin E and 
vitamin K. 3,3’-Methylenebis(4-hydroxycoumarin), which caused signs 
(reversible by vitamin K) similar to those seen in vitamin K deficiency, did 
not produce resorption or vaginal hemorrhage in pregnant mice. The 
quinone was much more effective when given intraperitoneally than when 
fed. Certain implications of these experiments in pharmacology were 
indicated. 


*It may be that the restriction of hemorrhage to pregnant animals is merely a 
reflection of the mechanical stress placed on a slightly K-avitaminotic organism 
during the latter part of the gestation period. 
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PENITRINIC ACID, A NEW PIGMENT FROM 
PENICILLIUM NOTATUM 


By FRANK H. STODOLA, JACQUES L. WACHTEL, ANDREW J. MOYER, 
AND ROBERT D. COGHILL 


(From the Fermentation Division, Northern Regional Research Laboratory,* 
Peoria, Illinois) 


(Received for publication, March 13, 1945) 


During the purification of penicillin, a new pigment has been isolated 
from Penicillium notatum culture liquors, and some observations have been 
made on its chemical structure. It is an unusual mold pigment, since 
it contains nitrogen. The presence of this element and the source and 
acidic nature of the pigment have been indicated by giving this compound 
the name “‘penitrinic acid.” 

The pigment was isolated in the crude state from the eluates of an 
alumina column used to remove penicillin from protein-free culture liquors. 
Several recrystallizations gave pale yellow crystals which had a melting 
range of 217—223° (with decomposition), showed a composition of Cys;H:zO;N 
by analysis, and exhibited an unusually high specific rotation (—423° 


_ or —549°, depending on the solvent). Electrometric titration showed 


| 
| 


that penitrinic acid is approximately as strong as benzoic acid. 

Like the pigment citromycetin, obtained by Hetherington and Raistrick 
(1) from a species of Penicillium, penitrinic acid can be decarboxylated by 
boiling with 2 N sulfuric acid. The product is an optically inactive, yellow 
crystalline compound having the formula CyHiO3;N (m.p. 171-172°). 
The name ‘‘a-penitrin” has been selected for this compound. 

Penitrinic acid can be decarboxylated also in alkaline solution to an 
optically inactive, yellow crystalline product, ‘“8-penitrin” (m.p. 204-205°), 
which is isomeric with a-penitrin. Alkali solubility tests and color reac- 
tions indicated that these degradation products are phenols. The two 
isomers showed almost identical ultraviolet absorption spectra (Fig. 1). 
Some chemical differences between the compounds have been observed, 
however, in their behavior with ferric chloride and with mercuric nitrate. 

Since citromycetin has been shown to have a chromone nucleus (1), 
4 similar structure was considered for penitrinic acid. Both substances 
arise from Penicillia and have some reactions in common. However, 
attempts to show the presence of a chromone ring in penitrinic acid through 
alkaline fusion have not yet led to any definite products. 


* One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of Agriculture. 
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The nature of the nitrogen is still obscure. All that is known at present 
is that it is not basic and that on steam distillation with 1 N NaOH for 39 
minutes only about a quarter of the nitrogen appears in the distillate, 
The complete loss of optical activity on decarboxylation suggests that the 
carboxyl group of penitrinic acid is not on a benzene ring but rather on an 
asymmetric carbon atom elsewhere in the molecule. 

At a level of 0.6 mg. per cc., penitrinic acid showed no antibiotic activity 
against Staphylococcus aureus by the cylinder method of assay as described 
by Schmidt and Mover (2). 
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Fig. 1. Ultraviolet absorption spectra of penitrinic acid and a- and 8-penitrin 


EXPERIMENTAL 


Penitrinic Acid—The Penicillium notatum, Northern Regional Research 
Laboratory No. 1249.B21, was grown from 7 to 10 days in Fernbaeh 
flasks on a medium containing salts, corn steep liquor, and sugars. After 
the mold mat was removed by filtration through cloth, the culture liquor 
was freed of protein to avoid formation of emulsions on solvent extraction. 
Two methods were used for removal of protein. In the first, proteins 
were precipitated by tannic acid; in the second, the precipitant was acetone, 
which was removed by concentration in vacuo after filtration. The 
filtrate was extracted three times with ether to remove pigments. The 
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ether solution was then applied to a column of acid-treated (to pH 4.5) 
Brockmann alumina. On development of the column with 75:25 ether- 
ethyl acetate, orange-colored percolates were obtained. The first colored 
solution was contaminated with considerable oil; later fractions, however, 
yielded crude crystalline penitrinic acid on concentration. The pure acid 
was obtained by repeated crystallization from isopropyl alcohol, from 
which it separated in the form of pale yellow bars. 


Analysis—C,;H,;O;N. Calculated, C 61.84, H 5.88, N 4.80; found (after 1 hour’s 
drying at 80° under 2 mm. pressure), C 61.8, 61.9, H 5.95, 6.02, N 4.77, 4.83. (The 
nitrogen values were obtained by micro-Kjeldahl determinations in which 6 hour 
digestions were used. Dumas values were consistently low.) 

[a]p = —549° (17.2 mg. in 1.276 ce. dimethyl formamide) 
[alp = —423° (2.70 mg. in 1.30 ec. acetone) 
Rast molecular weight in camphor, 321 (calculated, 291) 


In a capillary tube, the pure pigment decomposed at 217—223° with 
evolution of gas and the appearance of a red color. Methoxyl groups were 
absent, according to the Zeisel determination; sodium fusion tests for 
halogens and sulfur were likewise negative. The pigment is almost insol- 
uble in water, difficultly soluble in ether, methanol, and ethanol, fairly 
soluble in acetone, and very soluble in dimethyl formamide. It dissolves 
in sodium bicarbonate solution to give a bright yellow color. Addition of 
sodium hydroxide causes no change in color; acidification precipitates 
crystalline penitrinic acid. 

Potentiometric titration of the pigment in aqueous acetone showed the 
presence of a carboxyl group of pK 6.4 and indicated an equivalent weight 
of 288 (calculated, 291). 

With ferric chloride in 50 per cent alcohol, penitrinic acid develops an 
intense greenish brown color. In the same solvent, mercuric nitrate gives 
with the acid a voluminous white precipitate soluble in acetic acid. 

a-Penitrin—For decarboxylation, 475 mg. of penitrinic acid were refluxed 
under nitrogen for 16 hours with 50 cc. of 2 N sulfuric acid. An ether 
extraction was made, and the ether was washed twice with sodium bicar- 
bonate solution to remove unchanged penitrinic acid. The ether solution 
on concentration yielded 290 mg. of yellow crystals. Repeated recrystal- 
lization from aqueous acetone and from acetone-petroleum ether gave 
107 mg. of pale yellow needles with a melting point of 171-172° (darkening, 
but no evolution of gas). $-Penitrin, which is formed in smaller amount 
at the same time, was not detectable in x-ray diffraction patterns obtained 
from our best samples. 

a-Penitrin appears to be a phenol, since it is soluble in sodium hydroxide 
and gives momentarily an almost black solution with ferric chloride. It 
gives a deep blue color with phosphomolybdic acid when ammonia is 
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added. With mercuric nitrate in 50 per cent alcohol, a-penitrin gives 
a white precipitate soluble in acetic acid. Unlike penitrinic acid, a-penitrip 
is optically inactive. 


Analysis—Cy4H,;0,;N. Calculated, C 67.99, H 6.93, N 5.66; found (after 1.5 hours 
drying at 100° under 2 mm. pressure), C 68.1, 68.2, H 6.80, 6.80, N 5.49 (Dumas), 5.67 
(Kjeldahl) 


8-Penitrin—Penitrinic acid (816 mg.) was dissolved in 58 cc. of 0.513 y 
potassium hydroxide (10.6 equivalents of alkali per mole of compound), 
and the solution was heated at 60° for 4 hours. The odor of ammonia 
was detectable in 5 minutes. The brown solution was cooled and carbon 
dioxide was bubbled through it. The yellow crystals which precipitated 
were separated (weight 350 mg.) and were found to melt in the range 
170-190°. Two crystallizations from acetone-petroleum ether gave 72 mg. 
of very pale yellow needles, which melted at 204-205° to a dark melt, 
without evolution of gas. 

Unlike a-penitrin, the alkaline hydrolysis product gives only a light 
orange color with ferric chloride and no precipitate with mercuric nitrate 
in 50 per cent alcohol solution. With phosphomolybdic acid, 8-penitrin 
gives a blue color on addition of ammonia. It is optically inactive. 


Analysis—CyHiO;N. Calculated, C 67.99, H 6.93, N 5.66; found (after 1 hour's 
drying at 80° under 2 mm. pressure), C 68.1, H 6.97, N 5.59 (Dumas), 5.66 (Kjeldahl) 


This investigation of penitrinic acid was carried out during our early 
work on the isolation of penicillin, when it appeared that a pigment might 
be a part of the penicillin molecule. Since such a relationship does not 
exist, we are not now in a position to continue our study of this compound. 


We are indebted to R. T. Milner, E. H. Melvin, and D. MacMillan of 
the Analytical and Physical Chemical Division of this Laboratory for the 
absorption spectra determinations and electrometric titrations. The 
microanalyses were made by C. H. Van Etten of the same Division. 


SUMMARY 

A pigment, penitrinic acid, of composition C,;Hi7O;N, has been isolated 

from Penicillium notatum culture liquors. Acid hydrolysis decarboxylates 

the compound to a-penitrin, C;4H,;0;N. An isomeric product, 8-penitrin, 
results from alkaline hydrolysis. 
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THE BIOCHEMISTRY OF THE MALARIA PARASITE* 


Ul. GLYCOLYSIS IN CELL-FREE PREPARATIONS OF THE MALARIA 
PARASITE 


By JOHN F. SPECK anp E. A. EVANS, Jr. 
(From the Department of Biochemistry of the University of Chicago, Chicago) 


(Received for publication, February 15, 1945) 


The formation of lactic acid from glucose is an important reaction in the 
| carbohydrate metabolism of the malaria parasite. Lactic acid appears 
to be the sole product of glucose utilization by the parasite under anaerobic 
conditions and also accumulates, as an intermediate, in the oxidation of 
glucose to carbon dioxide and water in the presence of oxygen (1, 2). 

The present report comprises a study of the mechanism of lactic acid 
formation from glucose by the malaria parasite Plasmodium gallinaceum. 
It has been possible to prepare, for the first time, cell-free enzyme extracts 
from the parasite capable of the in vitro conversion of glucose to lactic acid. 
These extracts were found to phosphorylate glucose by a transfer of phos- 
phate from adenosine triphosphate and to catalyze the oxidation-reduction 
between 3-phosphoglyceraldehyde and pyruvic acid. 


Methods and Materials 


Inorganic phosphate was determined by the method of Gomori (3) 
on trichloroacetic acid filtrates. 

Adenosine triphosphate was isolated from rabbit muscle according to 
Needham (4). Fructose-1 ,6-diphosphate was separated from the products 
of yeast fermentation as the barium salt and purified as the acid barium 


salt (5). Diphosphopyridine nucleotide was isolated from yeast by the 


method of Williamson and Green (6). 
Other matters of experimental procedure are described later. 


Enzyme Preparations 


Two types of enzyme preparations were employed in studying the 
glycolysis of Plasmodium gallinaceum. The first type, called a hemolysate, 
was prepared by treating parasitized red blood cells with water and then 
centrifuging off the cellular material. This procedure completely laked 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. This work was also supported in part 
by grants from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Univer- 
sity of Chicago. For the first paper in this series, see Silverman, Ceithaml, Talia- 
ferro, and Evans (1). 
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the red cells and partially disrupted the parasites also. Therefore, th 
hemolysate contained the glycolytic enzymes from both the red cells and 
the parasites. Although the greater part of the total enzyme activity 
was due to the enzymes from the parasites, it was necessary to run contra 
experiments with hemolysates of normal red cells. The second type of 
preparation, called an extract, was made by laking or saponizing pam. 


sitized red cells, washing the liberated parasites free from hemoglobin | 


and then grinding this parasite material and extracting the enzymes. Sing 
the washing removed the glycolytic enzymes of the red cells, control exper 
ments with preparations from normal red blood cells were not necessary, 

The red blood cells of chickens infected with Plasmodium gallinaceum, 
strain 8-A, as designated by the Committee on Terminology of Strains of 
Avian Malaria of the American Society of Parasitologists, were used in 
making enzyme preparations.' Blood was drawn by heart puncture at the 
height of parasitemia, about 4 days after inoculation of the chickens with 
infected blood. At this time 60 to 90 per cent of the red cells contained | 
one or more parasites. Clotting was prevented by adding 1/10 volumed | 
10 per cent sodium citrate to the blood. 

Hemolysates—-Hemolysates prepared in a manner similar to that de | 
scribed by Meyerhof (7) in his work on glycolysis in erythrocytes were used | 
to study the phosphorylation of glucose. The citrated blood was centt- 
fuged, and the cells were washed three times by suspending them in 4 
volumes of 0.9 per cent sodium chloride and centrifuging again. The 
washed cells were treated with 2 volumes of distilled water and allowed to 
hemolyze for 15 minutes with occasional shaking. Then sufficient 7 per | 
cent sodium chloride (1/10 volume) was added to restore the salt concentr- 
tion to about 0.9 per cent, and the solid material was centrifuged of 
vigorously. The supernatant solution, which contained large amounts 
of hemoglobin but was perfectly clear, was used as the enzyme. All oper 
tions were carried out in a cold room at 0°. The concentration of the 
hemolysate was calculated in terms of the volume of packed red blood cells 
used in its preparation. 

Extracts—Extracts of parasite material were employed in studying the 
oxidation-reduction reactions. The citrated blood was centrifuged, and 
the cells were washed twice by suspending them in 4 volumes of caleium- 
free phosphate-saline (8) containing 0.1 per cent glucose. The cells wer 
then suspended in 4 volumes of the same medium and treated with sufficient 
4 per cent saponin in phosphate-saline (1/40 volume) to make the final 
concentration of saponin about 0.1 per cent. These conditions of sapor 
ization are similar to those described by Christophers and Fulton (). 
After the saponin had been thoroughly mixed with the red cell suspensiot, 


! We are greatly indebted to Mr. William Cantrell of the Department of Bacte 
riology and Parasitology for providing us with the infected birds. 
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the solid material was centrifuged down and washed twice by suspending 
in 4 volumes of phosphate-saline-glucose and twice in 0.9 per cent sodium 


chloride containing 0.1 per cent glucose. This washing removed nearly 


all the hemoglobin and therefore probably removed the extranuclear 
enzymes of the red cells also. The washed parasite material was dark 


* gay-brown in color and viscous in consistency; it contained parasites and 


some white cells and red cell nuclei. This material was ground with an 


| equal volume of powdered Pyrex glass in a mortar or in a bacterial mill 

| » . . 
(10). 1 volume of water was added to the paste, and after vigorous centrif- 

| uation a brown, turbid, cell-free extract was obtained. All steps of 


the preparation were carried out in a cold room at 0°. 

The parasites may also be released from the red blood cells by hemolysis. 
The procedure used was that described above, except that the washings 
were carried out with phosphate-saline-glucose and only 1} volumes of 


water were used for the hemolysis. This procedure certainly caused some 


cytolysis of the parasites, since the clear supernatant obtained by centri- 


| fuging down the hemolyzed cells was more active in phosphorylating glucose 


| than similar hemolysates prepared from normal chicken red cells. Still, 


_ ifthe solid residue was washed free from hemoglobin, ground with powdered 


glass, and extracted with water, a solution of enzymes capable of catalyzing 
the oxidation-reduction reactions was obtained. 

Omission of glucose from the wash solutions usually gave extracts of 
low enzymatic activity. Loss of activity was rapid even at 0°. Extracts 
prepared in the same way from unparasitized red cells always showed less 
than 10 per cent of the enzymatic activity usually found in extracts made 
from parasitized red cells. 

Results 


Phosphorylation of Glucose 
In yeast glucose is phosphorylated by a transfer of phosphate from adeno- 


sine triphosphate to glucose, with the formation of glucose-6-phosphate 
(ll) (Equation 1). This reaction is catalyzed by the enzyme hexokinase. 


O O O 
| ee ee 
CH,.0. + adenosine—O—P—O—P—O—P—O- > 
jcsig. abel 4 
O- O- O- 
Glurose Adenosine triphosphate 
O oO (1) 
I | 
C.H,,0.P0;> + H+ + adenosine—O—P—O—P—O- 
| | 
O- O- 
Glucose-6- Adenosine diphosphate 


phosphate 
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74 BIOCHEMISTRY OF MALARIA PARASITE. II 
Most of the subsequent steps in the glycolytic breakdown of glucose. 
phosphate are the same in yeast and in muscle. The enzyme phospho. | 
hexoisomerase brings about the rearrangement of glucose-6-phosphate to | 
fructose-6-phosphate (12). In the presence of the enzyme phospho 
hexokinase, fructose-6-phosphate is converted to fructose-1 ,6-diphosphate 
by a second transfer of phosphate from adenosine triphosphate (13) 
(Equation 2). | 


O O oO 
| ! | 

C.H,,0¢6P0;" + adenosine—O—P—O—P—O—P—0O- — 
pane | 
O- O- O- 

Fructose-6- Adenosine triphosphate 


phosphate | 
O r (2) 


CeHipOc(PO37)2 + H* + adenosine—O— P—O—-P—O- 
| | | 
O- O- 
Fructose-1 , 6- Adenosine diphosphate 
diphosphate 


Magnesium or manganous ions are necessary as cofactors for these pho | 
phate transfer reactions. | 
Reactions of Glucose Phosphorylation—The phosphorylation of glucose 
by the malaria parasite was studied in hemolysates of parasitized red blood | 
cells, and control experiments were carried out with hemolysates of normal 
chicken red cells. Qualitatively the reactions occurring were the same in 
hemolysates from both normal and parasitized red cells. Both preparations 
contained the enzyme adenosinetriphosphatase, which hydrolyzes adenosine 
triphosphate to adenosine diphosphate or adenylic acid and inorganic 
phosphate. This enzyme could largely be inhibited by the addition of 
fluoride. In the presence of fluoride and magnesium ions, the hemolysates 
catalyzed a rapid transfer of phosphate from adenosine triphosphate to 
glucose. Analyses for the pyrophosphate groups of adenosine triphosphate 
(phosphate liberated by hydrolysis with 1 nN H,SO, for 10 minutes at 
100° (14)) indicated that these labile phosphate groups disappeared 
and a more stable phosphate compound was formed. Fructose analyses 
by the method of Roe (15) suggested that the product was fructose-l,6 
diphosphate. The reaction stopped when one of the labile phosphate 
groups of adenosine triphosphate had been transferred to glucose. There 
was no relationship between the percentage of red cells infected and the 
enzymatic activity of the hemolysate, within the range of 60 to 90 per cent 


infection. 
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Manometric Experiments on Glucose Phosphorylation—As Equations 
1 and 2 indicate, the transfer of phosphate from adenosine triphosphate to 
a hydroxy! group results in the formation of acid. Therefore this reaction 
can conveniently be studied by employing a bicarbonate buffer in the test 
system and measuring the evolution of carbon dioxide by the Warburg 
manometric technique (11). In the case of red blood cell hemolysates, acid 
formation which occurred in the absence of glucose was the result of hy- 
drolysis of the adenosine triphosphate and is referred to as “adenosinetri- 
phosphatase activity.”” Acid formation which occurred in the presence of 
glucose was the result of transfer of phosphate from the adenosine triphos- 
phate to glucose, along with some hydrolysis of the adenosine triphosphate; 


TaBLe I 
Adenosinetriphosphatase and Hexokinase Activity in Red Blood Cell Hemolysates 


The samples contained 0.028 m NaHCO;, 0.004 m MgSO,, 0.028 m KF, 0.012 m 
glucose (none when adenosinetriphosphatase activity was being measured), 0.0036 
m adenosine triphosphate (tipped in from side arm after equilibration), and 1.4 ce. 
of hemolysate of normal chicken red cells (equivalent to about 0.36 cc. of cells) or 
0.7 ec. of hemolysate of parasitized red cells (equivalent to about 0.21 cc. of cells), 
in a total volume of 2.5 cc. Warburg manometers; gas phase, 5 per cent CO,-95 per 
cent N:; temperature 39°. The retention factor ((observed CO,)/(true CO,)) was 
about 0.7 for mixtures with hemolysates of normal red cells and 0.85 for mixtures 
with hemolysates of parasitized red cells. Activities are expressed in microliters 
of CO, evolved per cc. of red cells per hour, corrected for retention. The figures in 
parentheses show the range of values. 





Normal red cells Parasitized red cells 





Adenosine- 
triphosphatase 


Adenosine- 


triphosphatase Hexokinase 


No. of samples | Hexokinase No. of samples | 





6 |’ 56 378 12 76 1630 
| (31-103) (290-591) (44-102) (899-2270) 








it is termed “hexokinase activity.” Since the hemolysates contained 
hemoglobin in high concentrations and since different volumes of hemoly- 
sate were used in experiments with normal and parasitized material, it 
was necessary to correct the observed gas evolution for retention of carbon 
dioxide by the buffering action of the protein, in order to obtain comparable 
results. 

The results of experiments on the adenosinetriphosphatase and the hexo- 
kinase activities of hemolysates of normal and parasitized chicken red cells 
are collected in Table I. The much greater hexokinase activity found in 
hemolysates of parasitized erythrocytes indicates that the parasites contain 
considerable quantities of the enzymes hexokinase and phosphohexokinase, 
Which are released by cytolysis. The small difference in adenosinetriphos- 
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76 BIOCHEMISTRY OF MALARIA PARASITE. II 
phatase activity between hemolysates of normal and parasitized red cells 
shows that most of this enzyme present in the hemolysates was derived 
from the red cells and not from the parasites. 

Glucose Phosphorylation in Parasite Extracts—Extracts of parasite 
material, when tested in the manometric system for studying the phos- 
phorylation of glucose, showed little activity aside from that caused by the 
enzyme adenosinetriphosphatase. This interfering enzyme was not in- 
hibited by fluoride. Nevertheless, by the use of a different technique it 
was possible to show that the extracts were able to phosphorylate glucose. 
This reaction results in the formation of compounds giving a positive test 
for fructose in the Seliwanoff reaction (fructose-6-phosphate and fructose- 
1 ,6-diphosphate). Extracts of parasite material were able to convert 
glucose to “fructose,” and the reaction could be followed by quantitative 
determinations of fructose made according to Roe (15,. Since this con- 
version was greatly accelerated by the addition of adenosine triphosphate, 
it undoubtedly involved phosphorylation of glucose by the reactions more 
clearly demonstrated by the use of hemolysates. 

These experiments show that the malaria parasite initiates the break- 
down of glucose by phosphorylation in the manner known to occur in yeast 


extracts. 
Oxidation-Reduction Reactions 


Muscle and yeast extracts contain an enzyme, aldolase, which catalyzes 
the splitting of fructose-1 ,6-diphosphate, formed by the reactions described 
above, into 2 molecules of triose phosphate, 3-phosphoglyceraldehyde and 
dihydroxyacetone phosphate (16, 17) (Equation 3). The next step in 
glycolysis in these extracts is the oxidation of 3-phosphoglyceraldehyde 
(3) 


Fructose-1,6-diphosphate = 
3-phosphoglyceraldehyde + dihydroxyacetone phosphate 


by diphosphopyridine nucleotide (DPN) in the manner represented by 
Equation 4 (18); the enzyme catalyzing this reaction is 3-phosphoglye- 
This equilibrium reaction goes in the forward 


3-Phosphoglyceraldehyde + phosphate + DPN* = (4) 
1,3-diphosphoglyceric acid + DPNH + H* 


eraldehyde dehydrogenase. 


direction because of the further reaction of the 1,3-diphosphoglyceric 
acid and because of the reoxidation of the reduced DPN (DPNH) by 
pyruvate (formed from the 1,3-diphosphoglyceric acid) (Equation 5); 
the enzyme which catalyzes this oxidation, lactic dehydrogenase, is present 
One phosphate group of the 1 ,3-diphosphoglyceric 


in muscle extracts. 
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acid is transferred to adenosine diphosphate in the presence of the appro- 
DPNH + H* + pyruvate = DPN* + lactate (5) 
priate enzyme (18, 19) (Equation 6). The 1,3-diphosphoglycerie acid 


1,3-Diphosphoglyceric acid + adenosine diphosphate = (6) 
3-phosphoglycerate + adenosine triphosphate 


also breaks down spontaneously to 3-phosphoglyceric acid and inorganic 
phosphate, but the rate of this reaction is slower than that of the enzymatic 
phosphate transfer. In order that the transfer of phosphate from 1,3- 
diphosphoglyceric acid to adenosine diphosphate may proceed nearly to 
completion, adenosine diphosphate must be present in excess or must be 
continuously regenerated from the adenosine triphosphate. Adenosine 
diphosphate may be formed from adenosine triphosphate as the result 
of hydrolysis by the enzyme adenosinetriphosphatase or as the result 
of a transfer of one phosphate group from adenosine triphosphate to a 
phosphate acceptor such as glucose (Equation 1). Magnesium ions are 
required as a cofactor for these phosphate transfer reactions. On the 
basis of these facts, one suitable system for studying the oxidation of 3- 
phosphoglyceraldehyde would contain stoichiometric amounts of the 
substrate, inorganic phosphate, glucose, and pyruvate, and catalytic 
amounts of DPN, adenosine diphosphate (or adenosine triphosphate), 
and magnesium ions. The over-all reaction occurring in this system (the 
sum of Equations 4, 5, 6, and 1) is represented by Equation 7. It was 


3-Phosphoglyceraldehyde + phosphate + glucose + pyruvate > (7) 
3-phosphoglycerate + H* + glucose-6-phosphate + lactate 


felt that the demonstration of such an oxidation in parasite material would 
be strong evidence for the occurrence of a phosphorylating glycolysis in 
the malaria parasite. 

Aldolase Reaction—Extracts of parasite material were able to split 
fructose-1 ,6-diphosphate to triose phosphate. The products of the splitting 
of fructose-1 ,6-diphosphate by the enzyme aldolase, 3-phosphoglyceral- 
dehyde and dihydroxyacetone phosphate, may be identified by the fact 
that their phosphate groups are readily hydrolyzed by Nn NaOH at room 
temperature (16). Since the reaction reaches an equilibrium unless the 
products are removed, cyanide was added to bind the triose phosphate. 
In a system containing fructose-1 ,6-diphosphate, cyanide, and an extract 
of parasite material, the formation of compounds containing alkali-labile 
phosphate groups was observed. This indicates that the fructose-1 ,6- 
diphosphate was being split in the manner represented by Equation 3. 
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Coupled Oxidation-Reduction Reaction—The oxidation of 3-phospho- 
glyceraldehyde according to Equation 7 results in the formation of acid. 
Therefore the process can be followed conveniently by measuring the carbon 
dioxide liberated from a bicarbonate buffer containing the test system, 
The test system used in studying the oxidation contained magnesium, 
fluoride, inorganic phosphate, glucose, fructose-1 ,6-diphosphate, pyruvate, 
DPN, adenosine triphosphate, and an extract of parasite material. Fluo- 
ride was added to inhibit partially the adenosinetriphosphatase present 
in the extracts and to prevent the breakdown of the 3-phosphoglycerate 
to pyruvate (20, 21). Fructose-1 ,6-diphosphate was used as the substrate, 
since the extracts contained the enzyme aldolase. 


TaBLeE II 
Components of System Oxidizing 3-Phosphoglyceraldehyde 


The complete system contained 0.026 m NaHCO,, 0.004 mw MgSO,, 0.008 m phos- 
phate at pH 7.4,0.02 m KF, 0.013 m glucose, 0.013 m sodium pyruvate, 0.0007 m adeno- 
sine triphosphate, 0.00007 m diphosphopyridine nucleotide, 0.0035 m fructose-l, 
6-diphosphate (tipped in from the side arm), and 1.7 cc. of an extract of parasite ma- 
terial (prepared by saponization, 0.9 per cent NaCl without glucose used for all 
washings), in a total volume of 2.5cc. Warburg manometers; gas phase, 5 per cent 


CO,-95 per cent N.2; temperature 39°. 











Sample Rate 
| microliters COs per hr. 

Ne I 8s ib ciceigiew Bi eed s cosh ee Oe eee oe 56 
Without fructose-1,6-diphosphate........... ona] 44 
- DD csccal te tadeh secs) ceo vt py yey 42 

- adenosine triphosphate........................ 41 

ag NG aaa Na eave Chee EEL buns one orn’ | 39 

” ET Sen cURienibndesre si ouakat sus ts cses 34 

as diphosphopyridine nucleotide................... 33 
AR Se ee oe ee eee 27 





Oxidation of 3-phosphoglyceraldehyde by extracts of parasite material 
required all the components of this test system, as shown by the data in 
Table II. Omission of fructose-1,6-diphosphate, glucose, adenosine tri- 
phosphate, inorganic phosphate, magnesium, DPN, or pyruvate decreased 
the rate of the reaction by 20 to 50 per cent. The activity of the system 
in this experiment was much smaller than that usually obtained, because 
in the preparation of the extract it was necessary to omit glucose from the 
wash solutions. 

Effects of Arsenate and Iodoacetate—Arsenate and iodoacetate have 
characteristic effects on the oxidation of 3-phosphoglyceraldehyde. Arse- 


nate is believed to replace inorganic phosphate in Reaction 4, forming 
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j-arseno-3-phosphoglyceric acid as the product of the oxidation; this sub- 
stance breaks down rapidly and spontaneously to arsenate and 3-phos- 
phoglyceric acid (18). Therefore, in the presence of arsenate the oxidation 
of 3-phosphoglyceraldehyde occurs according to Equation 8. The coupling 


3-Phosphoglyceraldehyde + DPN* — 3-phosphoglycerate + DPNH + 2H* (8) 
of the oxidation with the uptake and transfer of phosphate is avoided. 


Taste III 
Effect of Arsenate and Iodoacetate on Oxidation of 3-Phosphoglyceraldehyde 


The complete system contained 0.026 m NaHCO, 0.004 m MgSO,, 0.02 m KF, 
0.0035 m fructose-1,6-diphosphate, 0.013 m sodium pyruvate, 0.00007 m diphospho- 
pyridine nucleotide, 0.008 m phosphate at pH 7.4, 0.013 m glucose, 0.0007 m adenosine 
triphosphate, and 1.7 cc. of extract of parasite material, in a total volume of 2.5 cc. 
The arsenate sample contained 0.0012 m Na,HAsQO, and no phosphate, glucose, or 
adenosine triphosphate. The iodoacetate sample was like the arsenate sample with 
the addition of 0.0012 m sodium iodoacetate. Warburg manometers; gas phase, 5 
per cent CO2-95 per cent N2; temperature 39°. 





Sample Rate 





| microliters COs per hr. 








ei crnsccnovsacakdth kod eaksuan aoadeed ‘ubekal 143 

ei ee | 221 

Ri a eae ee oie) eee | 19 
TABLE IV 


Lactic Dehydrogenase Activity of Parasite Extracts 


The complete system contained 0.02 mM phosphate at pH 7.4, 54 y of sodium dichloro- 
phenol indophenol, 0.1 m lithium dl-lactate, 0.00003 m diphosphopyridine nucleotide, 
and 0.4 ec. of extract, in a total volume of 5.0 cc. The parasite material was pre- 
pared by hemolyzing the red cells, and the extract, was dialyzed against 0.9 per cent 
NaCl for 4 hours at 0°. Temperature 21°. AG represents the increase in percentage 
transmission, measured in an Evelyn photoelectric colorimeter with Filter 620. 








Sample | Rate, AG in 4 min. 
ah ns bbw dies nun Vibiachy 45 saea keetaeenereree | 10.2 


EE OE PERCE Fe Pg Re eet >" | 4.0 


“ — diphosphopyridine nucleotide................... 





With arsenate present instead of inorganic phosphate, Reaction 7 would 
be changed to Reaction 9. Since the phosphate trar.sfer reactions are 


3-Phosphoglyceraldehyde + pyruvate — 3-phosphoglycerate + H* + lactate (9) 


usually slower than the oxidation itself, the addition of arsenate charac- 
teristically increases the rate of the oxidation of 3-phosphoglyceraldehyde 
and makes the reaction independent of the presence of inorganic phosphate, 
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magnesium, adenosine triphosphate, and glucose or other phosphate accep- 
tors. The specific action of iodoacetate consists in inhibiting 3-phos- 
phoglyceraldehyde dehydrogenase, the enzyme which catalyzes Reactions 
4 and 8 (22). Few other known enzymes are equally sensitive to low con- 
centrations (0.001 m) of iodoacetate. 

Table III gives the results of an experiment on the effects of arsenate 
and iodoacetate on the oxidation of 3-phosphoglyceraldehyde in extracts 
of parasite material. Arsenate markedly accelerated the reaction, and 
iodoacetate caused an inhibition of more than 90 per cent. 

Lactic Dehydrogenase—The presence in extracts of parasite material of 
the enzyme lactic dehydrogenase, which catalyzes Reaction 5, was demon- 
strated by means of the colorimetric technique described by Haas (23). 
An Evelyn photoelectric colorimeter with Filter 620 was used to measure 
the rate of reduction of the dye. The change in percentage transmission 
(AG) per unit time was proportional to the enzyme activity, and the rate 
was constant over short periods of time. The results of an experiment 
on the lactic dehydrogenase activity of an extract of parasite material are 
given in Table IV. It is difficult to obtain preparations with no activity 
in the absence of added DPN or lactate. 

The experiments which have just been described indicate that the malaria 
parasite is capable of converting fructose-1,6-diphosphate to 3-phos- 
phoglyceraldehyde and of oxidizing the latter substance by a mechanism 


similar to that found in muscle extracts. 


DISCUSSION 


No previous study has been made of the mechanism of the formation of 
lactic acid from glucose by protozoa. Therefore it is of interest to find 
that the malaria parasite glycolyzes by a process similar to that found in 
a wide variety of other organisms (plants, bacteria, yeast, vertebrates). 
In this respect, as in the oxidative reactions thus farinvestigated, the metab- 
olism of the parasite conforms to a pattern common among living cells. 


SUMMARY 


The preparation of cell-free enzyme extracts from the malaria parasite 
These extracts convert glucose to lactic acid by a path similar 


The 


is described. 
to the phosphorylating glycolysis of yeast and vertebrate muscle. 


preparations contain enzymes which catalyze the phosphorylation of glucose 
by adenosine triphosphate, the splitting of fructose-1,6-diphosphate to 
form 3-phosphoglyceraldehyde, and the dismutation between 3-phosphoglye- 


eraldehyde and pyruvic acid. 
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THE BIOCHEMISTRY OF THE MALARIA PARASITE* 
III. THE EFFECTS OF QUININE AND ATABRINE ON GLYCOLYSIS 


By JOHN F. SPECK anp E. A. EVANS, Jr. 
(From the Department of Biochemistry of the University of Chicago, Chicago) 
(Received for publication, February 15, 1945) 


/ In Paper II (i) it was shown that the formation of lactic acid from glucose 
by the malaria parasite is a process similar to the phosphorylating glycolysis 
of yeast and vertebrate muscle. Quinine and atabrine have been found to 
inhibit the glycolysis (2) as well as the oxygen uptake (2-4) of the parasite. 
| Since glycolysis is a preliminary stage in the oxidation of glucose under 
aerobic conditions and is the only path for the utilization of glucose anaero- 
bically, it was believed that an investigation of the effects of antimalarial 
drugs on this process might aid in understanding the mode of action of these 
| drugs. 

The present paper describes the action of quinine and atabrine on the 
phosphorylation of glucose and the dehydrogenation of 3-phosphoglyc- 
eraldehyde and lactic acid by preparations of the avian parasite Plas- 
modium gallinaceum. Comparable experiments with glycolytic enzymes 
from yeast and mammalian muscle are also reported. 








Methods and Materials 


Inorganic phosphate was determined by the method of Gomori (5) 
on trichloroacetic acid filtrates. Quinine interferes with the estimation of 
phosphate by the molybdenum blue method by forming a precipitate with 
phosphomolybdic acid, and atabrine interferes because of its deep yellow 
color. Both difficulties can be avoided by extracting the free bases from 
alkaline solution with an immiscible solvent. The solution to be analyzed 
for phosphate is made alkaline to phenolphthalein, extracted twice with 
an equal volume of carbon tetrachloride, and clarified by centrifugation. 

Solutions of quinine and atabrine for use in the enzyme experiments 
Were prepared by neutralizing solutions of the dihydrochlorides with 1.5 
equivalents of sodium bicarbonate. The final concentration of the neutra- 
lized solutions was not made greater than 0.01 m; otherwise the bases did 
not remain in solution long enough to permit their being pipetted into the 
reaction mixtures. 


* The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. This work was also supported in part 
by grants from the Dr. Wallace C. and Clara A. Abbott Memorial Fund of the Univer- 
sity of Chicago. 
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Adenosine triphosphate, fructose-1 ,6-diphosphate, and diphosphopyridine 
nucleotide were prepared as described in Paper II (1). The glycogen and 
adenylic acid were commercial preparations. Potassium glucose-1-phos. 
phate was obtained essentially by the method of Hanes (6). In our expe. 
rience, after removal of barium with sulfuric acid and neutralization with 
potassium hydroxide, the potassium glucose-1-phosphate did not precipitate 
on addition of an equal volume of alcohol. It could be obtained in eryg. 
talline form by adding more alcohol to the supernatant and allowing it 
to stand in the cold. Phosphoglyceric acid was prepared according to Nev- 
berg and Kobel (7). Phosphopyruvie acid was synthesized by a modi- 
fication of the method of Kiessling (8) suggested by Dr. Gerhardt Schmidt! 
Adenosine diphosphate was prepared from adenosine triphosphate by the 
use of yeast hexokinase (9). 

The preparation of enzyme extracts from malaria parasites (Plasmodium 
gallinaceum) is described in Paper II (1). The enzymes from yeast and 
muscle are described in connection with the particular reaction for whieh 
they were used. 

Results 


Effects of Quinine and Altabrine on Glycolysis in Preparations from 
Malaria Parasites 


Phosphorylation of Glucose—The effect of quinine and atabrine on the 
phosphorylation of glucose by hemolysates of normal and _ parasitized 
chicken red blood cells was studied with the manometric system described 
in Paper II (1). The results of several experiments are summarized in 
Table I. Quinine in concentrations from 0.0001 to 0.002 m inhibited the 
phosphorylation of glucose in hemolysates of normal chicken red cells 
but caused only a slight inhibition in hemolysates of parasitized red cells. 
The inhibition in the latter case was not greater than would be expected 
from inhibition of that fraction of the total hexokinase activity (about 
one-fourth) derived from the enzymes of the red cells themselves. How- 


ever, atabrine in the same concentrations as quinine caused an equal 


inhibition of the phosphorylation of glucose, in hemolysates of both normal 
and parasitized erythrocytes. 
3-Phosphoglyceraldehyde Dehydrogenase—The effects of quinine and 
atabrine on the enzyme 3-phosphoglyceraldehyde dehydrogenase were 
studied in a system in which the over-all process was that described by 
Equation 1. Three enzymatic reactions are involved in this process: 
Fructose-1,6-diphosphate + pyruvate — (1) 
3-phosphoglycerate +H* + lactate + dihydroxyacetone phosphate 


(1) the splitting of fructose-1,6-diphosphate to 3-phosphoglyceraldehyde 


! Schmidt, G., personal communication. 
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and dihydroxyacetone phosphate (catalyzed by the enzyme aldolase); 
(2) the oxidation of 3-phosphoglyceraldehyde by diphosphopyridine nucleo- 
tide in the presence of arsenate to form 3-phosphoglyceric acid and reduced 
diphosphopyridine nucleotide (catalyzed by the enzyme 3-phosphoglyc- 
eraldehyde dehydrogenase); and (3) the reoxidation of the reduced diphos- 
phopyridine nucleotide by pyruvate to form diphosphopyridine nucleotide 
and lactate (catalyzed by the enzyme lactic dehydrogenase) (see the dis- 
cussion of the oxidation-reduction reactions in Paper II (1)). An excess 
of purified preparations of the enzymes aldolase and lactic dehydrogenase 
was added; therefore the rate of the over-all process was determined by 
the activity of the 3-phosphoglyceraldehyde dehydrogenase. 


TaB_e I 
Effect of Quinine and Atabrine on Hexokinase Activity of Red Blood Cell Hemolysates 


The sample contained 0.028 m NaHCOs, 0.004 m MgSO,, 0.028 m KF, 0.012 m glucose, 
0.0036 m adenosine triphosphate (added from the side arm after equilibration), 1.4 
ee. of hemolysate of normal chicken red cells or 0.7 cc. of hemolysate of parasitized 
red cells, and the concentrations of quinine and atabrine indicated below, in a total 
volume of 2.5 cc. Warburg manometers; gas phase, 5 per cent CO.-95 per cent No; 
temperature 39°. 


Per cent inhibition by 


Concentration of 


inhibitor Quinine Atabrine 
Normal Parasitized Normal Parasitized 
M 
0.0001 6 4 6 8 
0.0005 18 4 8 18 
0.001 20 Ss 31 26 


0.002 43 10 10) 39 


Aldolase was purified according to Herbert et al. (10) through the stage 
of the first fractionation with ammoniacal ammonium sulfate. Lactic 
dehydrogenase was prepared from beef heart by following the method of 
Straub (11) through the second ammonium sulfate precipitation. Since 
acid is formed, the reaction was followed by measuring the evolution of 
carbon dioxide from a bicarbonate buffer containing the test system. The 
complete test system contained bicarbonate, arsenate, fluoride, fructose- 
1,6-diphosphate, pyruvate, and the three enzymes aldolase, 3-phosphoglye- 
eraldehyde dehydrogenase, and lactic dehydrogenase. If only aldolase 
and lactic dehydrogenase were added, no acid was formed. Therefore these 
two preparations were free from 3-phosphoglyceraldehyde dehydrogenase 
activity. When a preparation containing 3-phosphoglyceraldehyde de- 
hydrogenase was added, in addition to the other two enzymes, acid was 
formed at a rate which was proportional to the amount of dehydrogenase 
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added and was constant until at least one-third of the fructose-1 ,6-diphos. 
phate had been used. Extracts of parasite material (1) as well as prepar. 
tions made from rabbit skeletal muscle were effective as sources of 3-phog. 
phoglyceraldehyde dehydrogenase. 

The effect of quinine and atabrine on the enzyme 3-phosphoglyceralde. 
hyde dehydrogenase extracted from parasite material was investigated 
by the use of the system just described. In concentrations up to 0.002 y 
neither drug inhibited this enzyme significantly. These results are shown 
in Table IT. 

Lactic Dehydrogenase—The effect of quinine and atabrine on the enzyme 
lactic dehydrogenase in extracts of parasite material was studied by means 


TaBLeE II 


Effect of Quinine and Alabrine on 3-Phosphogl yceraldehyde 
Dehydrogenase in Parasite Extracts 


The samples contained 0.026 m NaHCOs, 0.005 m Na,HAsQ,, 0.03 m NaF, 0.01 


sodium pyruvate, 0.005 m fructose-1,6-diphosphate (added from side arm after | 


equilibration), 0.00037 m diphosphopyridine nucleotide, aldolase preparation con- 
taining 1 mg. of protein, lactic dehydrogenase preparation containing 3 mg. of 
protein, 0.8 cc. of an extract of parasite material (prepared by hemolysis), and the 
concentrations of quinine and atabrine indicated below, in a total volume of 2.5 ce. 
Warburg manometers; gas phase, 5 per cent CO,.-95 per cent Nz; temperature 39°, 








Activity of dehydrogenase 
Concentration of inhibitor fies a a NS 











Quinine Atabrine 
M microliters COs per 5 min. microliters COs per 5 min, 
0 14.6 12.6 
0.0001 14.0 12.8 
0.0003 14.0 13.2 
0.001 14.1 12.5 
0.002 


14.2 12.9 





of the colorimetric technique of Haas (12), as described in Paper II (1). 
The results of two experiments are shown in Table III. Both drugs in- 
hibited the enzyme, but atabrine was considerably more effective than 
quinine. 


Effect of Quinine and Atabrine on Yeast Hexokinase 


The enzyme hexokinase in yeast catalyzes the transfer of one phosphate 
group from adenosine triphosphate to glucose, to form glucose-6-phosphate 
and adenosine diphosphate (9). This same reaction is apparently the first 
step in the phosphorylation of glucose by the malaria parasite also (1). 

Hexokinase was prepared from bakers’ yeast according to Colowick and 
Kalckar (9), and the reaction was studied manometrically in a test system 
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similar to theirs. Determination of the labile pyrophosphate groups of 
adenosine triphosphate (phosphate hydrolyzed by 1 N H,SO, in 10 minutes 
at 100° (13)) showed that the formation of acid was accompanied by a 
| decrease in pyrophosphate groups and the formation of a more stable 
phosphate compound. 





Tas_e III 

Effect of Quinine and Atabrine on Lactic Dehydrogenase in Parasite Extracts 

The samples contained 0.02 m phosphate at pH 7.4, 54 y of sodium dichlorophenol 
indophenol, 0.1 m lithium dl-lactate, 0.00003 m diphosphopyridine nucleotide, 0.4 cc. 
of an extract of parasite material, and the concentrations of quinine and atabrine 
indicated below, in a total volume of 5.0 cc.; temperature 20°. The rate of reaction 
was measured as the increase in percentage transmission per unit time, read in an 
Evelyn photoelectric colorimeter with Filter 620. 





Per cent inhibition by 





Concentration of inhibitor 














Quinine Atabrine 
my ey 
0.0001 | 5 | 14 
0.0003 7 26 
0.001 | 16 | P 38 
TaBLeE IV 


Effect of Quinine and Atabrine on Yeast Hexokinase 
The samples contained 0.02 m NaHCOs, 0.01 m MgSO,, 0.02 m glucose, 0.005 m 
adenosine triphosphate (tipped in from the side arm after equilibration), hexokinase 
preparation containing 1.0 mg. of protein, and the concentrations of quinine and 
atabrine indicated below, in a total volume of 2.0 cc. Warburg manometers; gas 
phase, 5 per cent CO,-95 per cent Nz; temperature 30°. The rate of reaction was 
about 140 microliters of CO, per hour. 





Per cent inhibition by 
Concentration of inhibitor 








| Quinine | Atabrine 
, | | 
0.0005 6 | 2 
0.001 | 16 | 8 
0.002 | 23 | 22 





The average results of seven experiments with quinine and the results 
of a single experiment with atabrine are given in Table IV. Both quinine 
and atabrine are seen to inhibit the action of yeast hexokinase. 


Effect of Quinine on Glycolysis by Muscle Enzymes 


Acid Formation from Glycogen—The over-all reaction of glycolysis in 
rabbit muscle extracts is the formation of lactic acid from glycogen. Since 
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acid is produced, the course of the reaction can be followed by measuring 
the evolution of carbon dioxide from a bicarbonate buffer containing the 
test system (14). The system used contained 0.028 mw NaHCoOs, 0.007 
phosphate at pH 7.4, 9 mg. of glycogen, and 50 mg. of powder obtained by 
lyophilizing an aqueous extract of rabbit skeletal muscle (14), in a volume 
of 3.0 ce. The samples were placed in Warburg manometers under an 
atmosphere of 5 per cent CO.-95 per cent N2, at a temperature of 35°, 
and the glycogen was tipped in from the side arm after equilibration, 
About 300 microliters of CO, per hour were evolved. 

Quinine consistently inhibited the formation of acid in this system. The 
average results from several experiments indicated an inhibition of 8 per 
cent at a quinine concentration of 0.0005 m, of 14 per cent at 0.001 , 
and of 31 per cent at 0.002 m. The inhibition was greatest when the enzyme 
was incubated with quinine before the reaction was started. When the 
quinine was tipped in at the same time as the glycogen, smaller inhibitions 
were observed. 

Phosphorylase—The phosphorylation of glycogen in muscle extracts 
occurs in the manner indicated in Equation 2 (15). Phosphorylase, the 


(CsH yO + nHPO. = nCoH,06PO3> (2) 
Glycogen Glucose-1-phosphate 


enzyme catalyzing this reaction, was prepared from rabbit muscle extract 
according to Green, Cori, and Cori (16). It was not crystalline but was 
active and free from phosphoglucomutase activity (conversion of glucose- 
1-phosphate to glucose-6-phosphate). 

The forward reaction, formation of glucose-1-phosphate, was studied 
in a system containing the enzyme phosphorylase, inorganic phosphate, 
glycogen, adenylic acid (as coenzyme), and reduced glutathione (to insure 
maximum activity of the enzyme). The reaction was followed by deter- 
mining the decrease in inorganic phosphate. The results of experiments 
on the effect of quinine on the phosphorylation of glycogen are given in 
Table V. Quinine markedly inhibited this reaction. The inhibition was 
proportional to the concentration of quinine and decreased with time. 

The reverse reaction, formation of polysaccharide from  glucose-l- 
phosphate, was studied in a system like that of Cori and Cori (17). The 
process was followed by measuring the increase in inorganic phosphate. 
A marked inhibition by quinine was observed, just as with the forward 
reaction. The degree of inhibition was proportional to the concentration 
of quinine and decreased with time. These results are illustrated in 
Table VI. 

Since these experiments measured the rate at which the reactions 
approached an equilibrium, a decrease in inhibition with longer periods of 


time was to be expected. 
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Phosphoglucomutase—The enzyme phosphoglucomutase catalyzes the 
attainment of an equilibrium between glucose-l-phosphate and glucose- 
§-phosphate (18). The enzyme used in these experiments was prepared 
according to Colowick and Sutherland (19), and the test system was similar 
to theirs. 

The results of a typical experiment on the effect of quinine on phospho- 
glucomutase are shown in Table VII. Quinine inhibited the conversion 


TABLE V 
Effect of Quinine on Phosphorolysis of Glycogen 
The samples contained 0.02 m reduced glutathione, 0.001 m adenylic acid, 0.05 m 
phosphate at pH 7.2, 1 per cent glycogen, phosphorylase preparation containing 
§mg. of protein, and the concentrations of quinine indicated below, in a total volume 
of 4 ec.; temperature 25°. 


Decrease in inorganic P Per cent inhibition 


Concentration of quinine 


Time 
No quinine 0.001 m quinine - —— 
0.0005 0.001 m 0.002 Mm 
min. y per ce. y per cc. 
20 180 90 37 50 100 
40 250 190 19 24 58 





TaBLe VI 
Effect of Quinine on Polysaccharide Formation from Glucose-1-Phosphate 
The samples contained 0905 m glycerophosphate at pH 6.65, 0.02 m reduced gluta- 
thione, 0.001 m adenylie acid, 0.5 per cent glycogen, 0.016 m potassium glucose-1- 
phosphate, phosphorylase preparation containing 4 mg. of protein, and the concen- 
trations of quinine indicated below, in a total volume of 4.0 cc.; temperature 20°. 





Increase in inorganic P Per cent inhibition 








Time Concentration of quinine 
| No quinine 0.001 M quinine . — sone aikt Tah 
0.0005 M 0.001 mu 0.002 M 
min per cc. y per cc. 
5 132 76 17 42 76 
10 252 161 14 36 60 


of glucose-1-phosphate to glucose-6-phosphate, but to a variable extent. 

Phosphorylation of Fructose-6-phosphate—Fructose-6-phosphate is con- 
verted to fructose-1 ,6-diphosphate by a transfer of phosphate from adeno- 
sine triphosphate, catalyzed by the enzyme phosphohexokinase (20). 
Since this transfer results in the liberation of acid, rate studies can con- 
veniently be made by measuring the evolution of carbon dioxide when the 
reaction takes place in a bicarbonate buffer. The reaction mixture used 
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in these experiments contained 0.02 m NaHCOs, 0.006 m MgSO,, 0.0012 y 
sodium iodoacetate, 0.012 m potassium glucose-1-phosphate, 0.004 m adeno. 
sine triphosphate (tipped in from the side arm after equilibration), and g 
dialyzed extract equivalent to 80 mg. of an acetone powder of rabbit musele 
(21), in a total volume of 2.5 cc. The gas phase in the Warburg manom- 
eters was 5 per cent CO.-95 per cent Nz, and the temperature was 37° 
The iodoacetate prevented liberation of acid by further reaction of the 
fructose-1 ,6-diphosphate formed. Glucose-l-phosphate was used as the 
substrate instead of fructose-6-phosphate because of its availability, 
During the preliminary incubation before the adenosine triphosphate was 
tipped in and during the subsequent experimental period, the glucose. 


1-phosphate was converted to glucose-6-phosphate and the latter substance | 


rearranged to fructose-6-phosphate by the enzymes phosphoglucomutase 
and phosphohexoisomerase, which were present in the acetone powder 


TaBLe VII 

Effect of Quinine on Phosphoglucomutase 
The samples contained 0.04 m veronal buffer at pH 7.4, 0.005 m MgSO,, 0.5 per cent 
reduced glutathione, 0.0065 m potassium glucose-l-phosphate, enzyme solution 
containing 12.5 y of protein, and the concentrations of quinine indicated below, ina 
total volume of 1.0 cc. Incubated for 5 minutes at 30°. 

















Quinine concentration | Decrease in glucose-1-phosphate P Inhibition 
uw y per cc. per cent 
0 127 } 
0.0005 | 108 15 
0.001 | 109 


0.002 | 73 | 42 








extract. Since the phosphate groups of fructose-6-phosphate and fructose- 
1 ,6-diphosphate are less easily hydrolyzable than the pyrophosphate groups 
of adenosine diphosphate and triphosphate, the reaction can be followed 
approximately by measuring the decrease in pyrophosphate (phosphate 
liberated by hydrolysis with 1 n H.SO, for 10 minutes at 100° (13)). Ex 
periments in which organic phosphate fractions were followed showed 
that acid production was accompanied by a decrease in pyrophosphate 
groups. Control manometric experiments demonstrated that no acid was 
formed from adenosine triphosphate in the absence of glucose-1-phosphate, 
from glucose-1-phosphate in the absence of adenosine triphosphate, of 
from fructose-1,6-diphosphate. The rate of reaction in the complete 
system was about 160 microliters of CO, in 30 minutes. 

Quinine in concentrations from 0.0005 to 0.002 m caused no inhibition 
of the phosphorylation of fructose-6-phosphate. 

Aldolase—The enzyme aldolase catalyzes the splitting of fructose-l,6- 
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diphosphate to 3-phosphoglyceraldehyde and dihydroxyacetone phos- 
phate. This enzyme was purified according to Herbert et al. (10) through 
the stage of heat coagulation, and the reaction was studied in a test system 
similar to the one described by these authors. Since the reaction reaches 
an equilibrium unless the products are removed, cyanide was added to 
bind the triose phosphate. Samples contained 0.05 m borate buffer at 
pH 7.3, 0.1 M HCN at pH 7.3, 0.012 M fructose-1 ,6-diphosphate, and 0.3 ce. 
of enzyme solution, in a total volume of 4.0 cc. These samples were 
incubated at 37°. Since the phosphate groups of both molecules of triose 
phosphate are hydrolyzed by treatment with 1 nN NaOH for 20 minutes 
at room temperature while those of fructose-1,6-diphosphate are not 


TaBLe VIII 


Effect of Quinine and Atabrine on 3-Phosphoglyceraldehyde Dehydrogenase from Rabbit 
Muscle 

The samples contained 0.03 m NaHCOs, 0.005 m NasHAsQ,, 0.03 m NaF, 0.02 m 
sodium pyruvate, 0.00037 m diphosphopyridine nucleotide, 0.005 m fructose-1,6- 
diphosphate (tipped in from the side arm after equilibration), aldolase preparation 
containing 1 mg. of protein, lactic dehydrogenase preparation containing 4 mg. of 
protein, dialyzed extract equivalent to 5 mg. of acetone powder of rabbit muscle 
extract (21), and the concentrations of quinine and atabrine indicated below, in a 
total volume of 2.45cc. Warburg manometers; gas phase, 5 per cent COQ.-95 per cent 
Ny; temperature 30°. 





| Activity of dehydrogenase 
Concentration of inhibitor 








Quinine Atabrine 
M microliters COs per 5 min. microliters COs per 5 min. 
0 10.9 | 13.7 
0.0001 | 10.7 | 13.1 
0.0003 9.9 12.8 
0.001 | 10.0 12.6 


0.002 10.4 12.0 








affected, the reaction was followed by determining the increase in alkali- 
labile phosphate (22). In 5 minutes about 220 y of alkali-labile P per ce. 
were formed. 

Quinine in concentrations from 0.0005 to 0.002 m caused no significant 
inhibition of the enzyme aldolase. 

8-Phosphoglyceraldehyde Dehydrogenase—The effect of quinine and ata- 
brine on the enzyme 3-phosphoglyceraldehyde dehydrogenase from rabbit 
muscle was investigated by means of the test system involving Reaction 1, 
Which was used to study the activity of the same enzyme in parasite 
extracts. As in the latter case neither quinine nor atabrine caused a 
Significant inhibition of 3-phosphoglyceraldehyde dehydrogenase. The 
results of two experiments are given in Table VIII. 
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Lactic Dehydrogenase—The action of quinine and atabrine on the enzyme | gee 
lactic dehydrogenase obtained from beef heart was studied with the aid | gn 
of the colorimetric technique of Haas (12), as described in Paper II (1), | ghe 
The enzyme was purified by the method of Straub (11) through the stage | ¢ 
of the second ammonium sulfate precipitation. In the test system the gop 
enzyme showed no activity in the absence of lactate or diphosphopyridine —_p 
nucleotide. Pho 

Lactic dehydrogenase from beef heart was strongly inhibited by atabrine | pho 
but was not significantly affected by quinine. The experimental data | yatg 
are given in Table IX. The results are similar to those obtained with lactic | mys 











dehydrogenase from parasite extracts. 
Phos 
TaBLe IX 
Effect of Quinine and Atabrine on Lactic Dehydrogenase from Beef Heart whic 
The samples contained 0.03 m phosphate buffer at pH 7.2, 54 7 of sodium dichloro | phog 


phenol indophenol, 0.1 m lithium dl-lactate, 0.00003 m diphosphopyridine nucleotide, you] 
lactic dehydrogenase preparation containing 1.1 mg. of protein, and the concentra. ‘orm 


; tions of quinine and atabrine indicated below, in a total volume of 5.0 cc.; tempen- 3h 
A ture 25°. The rate of reaction was measured as the increase in percentage transmis- es 
{ sion (AG) per unit time, read in an Evelyn photoelectric colorimeter with Filter 620. an at 
; Control samples showed a value for AG of 16.0 in 4 minutes. n sti 
Per cent inhibition by diph 
: Concentration of inhibitor ‘ came ews Seated phat: 
; 7 ; Quiates Atehcine | erate 
t w | Veror 
i 0.0001 2 9 0,005 
\ 0.0003 0 16 aie 
0.001 6 : 
ae 7 , il In 10 
lerred 
Rearrangement of 3-Phosphoglycerate to Phosphopyruvate—The first steps Qu 
in the breakdown of 3-phosphoglycerate in muscle extracts are rearrange of thi 
ment to 2-phosphoglycerate and dehydration of the latter substance to Phe 
: ‘ ‘ . € rr . oe 
phosphopyruvate (23,24) (Equation 3). The conversion of 3-phosphoglye geno, 
Ccoo- COO COO- 
| | | ,  ataly 
CHOH = CHOPO;” — COPO;~ + H:0 (3 (26) ( 
CH,OPO;- —-CH.OH CH, 
» to. 


erate to phosphopyruvate can be followed by determining the increa® velens 
in phosphopyruvate phosphate, which is released on oxidation of the pho 0.0003 
phopyruvate by hypoiodite (23). The reaction mixture used in studying extrac 
/ this process contained 0.05 m veronal buffer at pH 8.2,0.005 m MgSO, 0.016 wate 
mM 3-phosphoglycerate, and dialyzed extract equivalent to 4 or 5 mg. af 7° 
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acetone powder of rabbit muscle (21), in a total volume of 1.0 ce. The 
samples were incubated for 10 minutes at 37°. Control samples formed 
about 125 y of phosphopyruvate P per ce. 

Quinine in concentrations from 0.0002 to 0.002 m did not inhibit the 
conversion of 3-phosphoglycerate to phosphopyruvate. 

Phosphate Transfer from Phosphopyrwate to Adenosine Diphosphate— 
Phosphopyruvate is broken down during glycolysis by transfer of its 
phosphate group to adenylic acid or adenosine diphosphate, to form pyru- 
yate and adenosine triphosphate (25, 26) (Equation 4). This reaction 
must be studied in the absence of the enzyme adenosinetriphosphatase, 
Phosphopyruvate + adenosine diphosphate + H.O0 — (4) 

pyruvate + adenosine triphosphate + OH- 
which would hydrolyze the adenosine triphosphate formed. 3-Phos- 
phoglycerate must also be absent; otherwise the adenosine triphosphate 
would break down by transfer of its phosphate to 3-phosphoglycerate to 
frm 1,3-diphosphoglyceric acid, which spontaneously decomposes to 
phosphoglycerate and inorganic phosphate (27). An acetone powder of 
an aqueous rabbit muscle extract (21) was used as the source of the enzyme 
instudying the transfer of phosphate from phosphopyruvate to adenosine 
diphosphate; such a powder does not contain an active adenosinetriphos- 
phatase. Fluoride was added to prevent the formation of 3-phosphoglye- 
erate from the phosphopyruvate (23, 28). Samples contained 0.025 m 
veronal buffer at pH 8.2, 0.005 m MgSO,, 0.06 m KCI (29), 0.01 m NaF, 
0.005 a phosphopyruvate, 0.0045 m adenosine diphosphate, and dialyzed 
extract equivalent to 10 mg. of acetone powder, in a total volume of 1.0 ce. 
In 10 minutes at 37° about 100 y of phosphopyruvate P per cc. were trans- 
ferred. 

Quinine in concentrations from 0.0005 to 0.002 m caused no inhibition 
of this phosphate transfer. 

Phosphate Transfer from 3-Phosphoglycerale to Creatine—Muscle extract 
Adenosine triphosphate + creatine — (5) 

adenosine diphosphate + phosphocreatine + H* 


catalyzes the transfer of phosphate from adenosine triphosphate to creatine 
(26) (Equation 5). The effect of quinine on the over-all process of phos- 
phate transfer from 3-phosphoglycerate to creatine (the sum of Equations 
3 to 5) was investigated. The reaction mixture consisted of 0.025 m 
veronal buffer at pH 8.7, 0.005 m MgSO,, 0.06 m KCl, 0.03 m creatine, 
0.00035 a adenosine triphosphate, 0.016 m 3-phosphoglycerate, and dialyzed 
extract equivalent to 5 mg. of acetone powder of rabbit muscle extract (21), 
ina total volume of 1.0cc. The samples were incubated for 15 minutes at 
37°. The reaction was followed by determining the increase in phosphocrea- 
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tine phosphate by the calcium precipitation method of Fiske and Subbarow 
(30). Balance experiments showed that the increase in phosphocreatine and 
inorganic phosphate accounted for 94 per cent of the 3-phosphoglycerate 
phosphate which disappeared, the rest being completely accounted for in 
phosphopyruvate and adenosine triphosphate. During the experimental 
period 240 y of phosphocreatine P and 40 y of inorganic P per cc. of reaction 
mixture were formed. 

Quinine in concentrations from 0.0005 to 0.002 m caused no inhibition 
of the transfer of phosphate from 3-phosphoglycerate to creatine. 

DISCUSSION 

Silverman e/ al. (2) have found that the aerobic and anaerobic glycolysis 
of chicken erythrocytes parasitized with Plasmodium gallinaceum is in- 
hibited about 35 per cent by 0.001 m quinine; 7.e., by concentrations of 
the drug equal to those used in the studies reported in this paper. It 
would appear from our data that the effects described by Silverman et al. 
are in part due to the action of the drugs on the hexokinase and lactic de- 
hydrogenase of the parasite, since these enzymes catalyze essential steps 
in the glycolytic process. The inhibition by quinine of the over-all process 
of lactic acid formation from glycogen by rabbit muscle enzymes is due 
to the effect of quinine on the enzyme phosphorylase. Likewise, the 
inhibition of the fermentation of glucose by intact yeast cells observed 
by Enders and Wieninger (31) may be ascribed to the inhibition of yeast 
hexokinase by the antimalarial. 

In connection with the latter enzyme it should be pointed out that the 
hexokinase from parasitized red blood cells appears to be less sensitive to 
quinine than does the hexokinase of yeast and normal chicken erythrocytes, 
although the effect of atabrine on the enzymes from the three different 
sources is the same. We have not, as yet, any explanation for this differ- 
ence in behavior. The other glycolytic enzymes from yeast and muscle 
show the same sensitivity to quinine and atabrine as the corresponding 
enzymes of the malaria parasites. 

It should be emphasized that the concentrations of antimalarials needed 
to produce the effects described in this paper are considerably greater than 
those encountered in the blood and tissue fluids of animals being treated 
with the drugs. In recent studies on the in vitro distribution of quinine 
between parasitized chicken erythrocytes and a suspending medium, 
carried out by Dr. Joseph Ceithaml in this laboratory ,? it has been found that 
the ratio of intracellular to extracellular quinine concentrations is nd 
greater than 50, even under circumstances which greatly favor the accumv- 
lation of quinine in the red blood cells. The concentration of quinine 


? Ceithaml, J. J., and Evans, E. A., Jr., unpublished work. 











co 
co 


no 


the 


bad 
yh 


$2 Oo IS oF & go 
QnA moana a 








Ast 





J. F. SPECK AND E. A. EVANS, JR. 95 


observed in the red cells of chickens receiving therapeutic doses of the drug is 
about 10-°m (32). Therefore, unless there occurs a localization of the drugs 
inside the parasite cell, capable of producing high concentrations of the 
antimalarials in the immediate vicinity of the sensitive enzymes, it seems 
unlikely that inhibition of the glycolytic mechanism of the parasite is 
primarily involved in the therapeutic action of the drugs. 

At present it seems more likely that quinine and atabrine inhibit oxidative 
processes in the metabolism of the malaria parasite, particularly those 
concerned with the oxidation of lactic and pyruvic acids. The oxygen 
consumption of the parasite utilizing glucose is inhibited by quinine in 
concentrations as low as 10-°m (3). With these concentrations there occurs 
an accumulation of lactic acid, although the rate of glucose utilization is 
not affected (2). Therefore, it would appear that the effect of the drug is 
to inhibit the oxidative removal of lactic acid rather than its formation by 
the process of glycolysis. 


SUMMARY 


The effects of quinine and atabrine on some of the glycolytic enzymes 
of the malaria parasite (Plasmodium gallinaceum), yeast, and mammalian 
muscle were studied. 

Atabrine inhibited the hexokinase activity and the enzyme lactic dehy- 
drogenase in parasite preparations. Quinine was less effective in both 
eases. The enzyme 3-phosphoglyceraldehyde dehydrogenase was not 
affected by either drug. 

Both quinine and atabrine inhibited yeast hexokinase. 

Quinine inhibited the enzymes phosphorylase and phosphoglucomutase 
from rabbit muscle. Lactic dehydrogenase from beef heart was strongly 
inhibited by atabrine but only slightly affected by quinine. The other 
glycolytic enzymes from rabbit muscle which were studied were not affected 
by quinine. 

The possible significance of these effects in the action of antimalarial 
drugs is discussed. 
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AN EVALUATION OF MICROMETHODS FOR PHOSPHOLIPID 


By WILLIS A. GORTNER* 


(From the Department of Biochemistry and Pharmacology, School of Medicine and 
Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, February 24, 1945) 


A number of analytical methods for phospholipid are in routine use by 
various workers in the field of lipid chemistry. Only limited data are 
available to show the extent of agreement or disagreement among the 
several methods, or to point out the most reliable means of comparing 
data obtained by one method with phospholipid values obtained by an 
entirely different analytical procedure. Some of the difficulties or dis- 
erepancies encountered in comparing data from two laboratories using 
even slightly different phospholipid determinations have been pointed out 
by Bloor (4) and Ellis and Maynard (5). 

During the course of an investigation of the lipids of the developing 
pig fetus, data were collected on the phospholipid content of the tissues as 
measured by the three principal methods in common use, each being fo- 
cused on either a different part of the phospholipid molecule, viz. the phos- 
phorus and the fatty acids, or on the intact lipid. A comparison of the 
analytical results by the several methods is reported in the present paper. 


EXPERIMENTAL 


Extracts—Lipid extracts were prepared by exhaustively extracting the 
ground fetal tissue with hot alcohol-ether (3:1). The combined extracts 
were concentrated under a vacuum at 50° to a small volume. The con- 
centrate was then exhaustively extracted with redistilled petroleum ether. 
Suitable aliquots of the clear petroleum ether solution were taken for the 
various analyses. 

Lipid Phosphorus—An aliquot containing 2 to 4 mg. of phospholipid 
was evaporated to dryness, then digested with 3 ml. of 10 n H,SO, and 
several drops of phosphorus-free 30 per cent hydrogen peroxide (superoxal) 
until water-clear. Excess peroxide was removed by adding 10 ml. of 
water and boiling down to the appearance of dense white fumes. The 
liquid was transferred to a 50 ml. volumetric flask, with 20 ml. of water, 
and an additional 3 ml. of 10 n H,SO, were added.!' The phosphorus was 


* Present address, School of Nutrition, Cornell University, Ithaca, New York. 

' This solution thus contained 6 ml. of 10 N acid as against 5 ml. in the flask con- 
taining the phosphorus standard. Insufficient acid, such as from loss of SO, fumes, 
gave erroneously low P values. A slight excess of acid, such as the above procedure 
assured, merely slowed the rate of color development. Loss of SO; fumes during 
digestion need not be avoided in this modification. 
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then determined by the colorimetric procedure of Kuttner and Lichtep- 
stein (7), 20 to 30 minutes being allowed for full color development prior 
to reading. In the conversion factor, phospholipid = lipid phosphorus 
xX 24.0, an “average phospholipid” of molecular weight 744 (7.e., an 
equimolecular mixture of oleopalmity! lecithin and cephalin) is assumed, 

Phospholipid Fatty Acids—The acetone-insoluble lipids were prepared 
by the technique described by Bloor (4).2_ The phospholipid fatty acids 
were then prepared and assayed by the oxidative method of Bloor (2), 
The oxidation factor of 3.60 was used to calculate fatty acids. Conver- 
sion to phospholipid was based on numerous observations that approxi- 
mately 63 per cent of the weight of the phospholipid is recoverable as 
fatty acid, which confirms the findings of Bloor (3), Sinclair (8), Bierich 
and Lang (1), Haven (6), and others, who report recovering less than two- 
thirds of the weight of the phospholipid as fatty acid. 

Phospholipid—The phospholipid determination of Bloor (4)? was used 
on aliquots of the petroleum ether solution of lipids. The oxidation 
factor of 3.0 was used. 

Experimental Data—The data obtained with three different methods for 
determining phospholipid on thirty-four samples of the tissue lipids of the 
fetal pig are summarized in Table I. 

DISCUSSION 

Considerably better agreement among replicate analyses was obtained 
from lipid phosphorus determinations than from either of the two oxida- 
tive methods for phospholipid. Thus, the standard error averaged less 
than +0.8 per cent (the range was 0.0 to 2.0 per cent) of the mean value 
for the phosphorus method, whereas the standard error averaged +211 
per cent of the mean of the phospholipid oxidation values and +2.2 per 
cent of the fatty acid oxidation values, ranging from 0.3 to 6.3 per cent 
in the former and from 0.9 to 4.9 for the latter procedure. 

Aside from the reduced scattering of replicate analyses in the phos- 
phorus method, there was little choice for one method over another. The 
average of the thirty-four mean values for phospholipid based on the phos- 
phorus was 593 mg. per 100 gm. of tissue; the average of the means was 
594 for both of the oxidative procedures. This is additional confirmation 
of the validity of the conversion factors used for the several methods. 
The data indicate that for the lipids of animal tissues phospholipid values 
obtained by the method of Bloor (4) will be comparable to values caleu- 
lated from the phosphorus content when an average molecular weight of 


? The petroleum ether solution was concentrated to a smaller volume than that 
used by Bloor prior to the addition of acetone, and the precipitated lipid was twice 


washed with acetone. 
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Taste I 
Mean Values for Phospholipid As Determined by Oxidation of Intact Molecule, 
Oxidation of Fatty Acids, and Determination of Lipid Phosphorus 


The values (+ the standard error of the mean) are expressed as mg. per 100 gm. of 
fresh tissue. The figures in parentheses are the number of replicate determinations. 








Phospholipid fatty acids 

















Sample No. Lipid phosphorus X 24.0 | Oxidation of phospholipid 063 
38x 248+ 0.6 (3) 205 + 2.6 (3) 265 + 10.7 (3) 
170 371 + 2.0 (3) 350 + 4.5 (3) | 424 + 16.0 (3) 
162 413 (2) 421 + 10.5 (4) 387 (2) 
196 492+ 9.1 (3) 495 + 10.5 (4) 480 + 10.1 (3) 
189i 540 + 1.7 (3) 553 + 11.9 (4) 534 + 8.0 (3) 
65 548 (2) | 544+ 4.0 (4) | 550+ 5.0 (3) 
2 | 550 (2) | 553 + 11.7 (3) | 614 + 10.3 (3) 
2 | 552+ 1.0 (3) | 665+ 4.4 (4) | «= 626 + 11.5 (3) 
200 553 + 8.3 (3) | 619 + 6.6 (4) | 619 + 6.1 (3) 
254 562 + 11.4 (3) | . 608+ 1.7 (4) | 632+ 7.5 (3) 
187 564 + 9.9 (3) 586 + 7.7 (4) 558 + 22.5 (3) 
03 = | )6=— 575 + 8.6(3) | 658417.4(3) | 610 + 13.8 (3) 
gs | 592 (2) | 5834 9.2(4) | 505+ 8.2 (4) 
135 601 + 10.2 (3) | 583+ 4.2 (3) | 635 + 16.0 (3) 
260 610 + 1.0 (3) | «6 611 & 9.2 (4) | 633+ 6.0 (3) 
95 611+ 0.0(3) | 656 + 11.9 (4) 616 + 17.8 (3) 
17 612 + 2.0 (3) | 671+ 8.5 (4) | §17 + 13.9 (3) 
72 614 + 0.0 (3) 617 + 5.7 (4) 581 + 7.8 (3) 
180 616+ 0.0(3) | 593+ 5.0 (3) | 616 + 12.0 (3) 
230 | 617+ 6.3 (3) | 321 + 14.5 (4) | 622 (2) 
17 | 0 627+ 1.003) | 6724 7.6 (A) | 754 + 17.0 (3) 
240 636 (2) 689 + 43.1 (3) | 627 + 15.7 (3) 
55 641+ 0.0(3) | 5934 5.6(4) | 646 + 10.4 (4) 
29 643 + 10.9 (3) 667 + 25.7 (4) 675 + 11.9 (3) 
85 644 (2) 630 + 7.4 (4) 598 + 20.8 (3) 
23 646+ 10.3(3) | 657+ 7.5 (4) 700 (2) 
114 649 + 0.0 (3) | 554 + 16.7 (3) 585 + 12.4 (3) 
34 658 (2) | 630 + 16.3 (4) 700 + 12.5 (3) 
105 662 + 5.8 (3) | 617 + 13.9 (4) 533 (2) 
38 681+ 4.0(3) | 696+ 9.1 (4) 629 + 24.9 (3) 
6 | 690+ 0.0 (3) | 686 + 24.4 (4) 692 + 6.0 (4) 
21 =| 714 + 14.0 (3) | 673 + 14.5 (4) 674 + 5.6 (3) 
5% | 7194 2.0(3) | 751 + 16.3 (4) 687 + 34.0 (3) 
390 | = 726+ «3.9 (3) | 664 + 50.8 (6) | = 661 + 21.2 (3) 





744 is assumed for the mixed phospholipids, and to values calculated from 
the phospholipid fatty acids when an average recovery of 63 per cent of 
the weight of the phospholipid is assumed. 

It should be emphasized that any conversion factor is subject to error 
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when a mixture of lecithin, cephalin, and sphingomyelin is to be analyzed, 
since the relative distribution of the three fractions as well as the molecular 
weights of the fatty acids present affect the conversion factor. Close 
agreement among the three phospholipid methods will not be found when 
the composition of the sample varies significantly from the conditions 
assumed in making the calculations. Thus, it was not surprising to note 
that, although there was generally satisfactory agreement among the sey- 
eral methods, in certain instances one procedure gave results quite dif- 
ferent from the other two. For example, there was excellent agreement 
between the two oxidation methods in the case of Samples 200 and 21, 
but the phospholipid content as determined from the phosphorus analysis 
was much lower in the former, and in the latter sample was considerably 
higher than the content as determined oxidatively. Similarly, in Samples 
28 and 72 the lipid phosphorus values agreed closely with those obtained 
from oxidation of the intact phospholipid, while the contents indicated by 
the fatty acid determination differed significantly, in one case being higher 
and in the other, lower. 

The data confirm the findings of others that although a conversion factor 
may prove fairly reliable in the “average” lipid sample, it may lead to 
erroneously low or high values for phospholipid in some instances. The 
unpredictability of these cases in which the factor is incorrect is the un- 
avoidable, inherent fault of any micromethod for phospholipid. The lipid 
phosphorus analysis, however, will give a fairly true picture of the molar 
concentration if not of the weight of the phospholipid sample. 


SUMMARY 


Thirty-four lipid extracts of animal tissue have been analyzed for phos- 
pholipid by lipid phosphorus determination, by oxidation of the fatty 
acids from the acetone-insoluble lipids, and by direct oxidation of the in- 
tact phospholipid. When a phospholipid to phosphorus ratio of 24 
was used, and when a fatty acid recovery of 63 per cent of the weight of 
the saponified phospholipid was assumed, the three methods gave com- 
parable results. Considerably better agreement among replicate samples 
was obtained by phosphorus analyses than by either of the two oxidative 
procedures studied. 
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TRYPTOPHANE METABOLISM 
XI. CHANGES IN THE CONTENT OF TRYPTOPHANE, UREA, AND NON 
PROTEIN NITROGEN IN THE BLOOD AND OF TRYPTOPHANE 
IN THE TISSUES AFTER THE ORAL ADMINISTRATION OF 
TRYPTOPHANE OR TRYPTOPHANE DERIVATIVES* 


By DOROTHY M. BUCK anp CLARENCE P. BERG 
(From the Biochemical Laboratory, State University of Iowa, Iowa City) 


(Received for publication, February 26, 1945) 


Most of the information available on tryptophane metabolism is con- 
cerned with growth or the excretion of metabolites. It seemed to us that 
an examination of the blood at intervals after the administration of trypto- 
phane might afford further evidence particularly as to rate and course of 
metabolism in animals known to excrete kynurenic acid. Accordingly 
the blood of rabbits fed tryptophane was assayed at intervals for trypto- 
phane, urea, and non-protein nitrogen. Ultimately similar tests were 
undertaken after feeding derivatives of tryptophane known to be unavail- 
able for growth in the rat. The distribution of tryptophane in the tissues 
of the rat fed tryptophane was also investigated. 

The studies are similar to those on other amino acids recorded some 
years ago by Luck (1), Johnston and Lewis (2), and Shambaugh, Lewis, 
and Tourtellotte (3). They differ chiefly in the use of a relatively specific 
test for the amino acid fed instead of a test for amino nitrogen, and in the 
administration of the tryptophane and tryptophane derivatives as sus- 
pensions, without neutralization or conversion to the sodium salt. The 
data show differences which seem to be significant and probably associable 
with known peculiarities in the metabolism of tryptophane. 


EXPERIMENTAL 


Comparisons of several methods for determining the relatively small 
concentrations of tryptophane in the blood after feeding tryptophane led 
to the adoption of the Shaw and McFarlane procedure (4) with minor 
modification ; this is essentially a quantitative adaptation of the Hopkins- 
Cole glyoxylic acid test. The extinction coefficient of the colored solution 
was measured in a Zeiss Pulfrich photometer; Filter 5-53 (530 my) was 
used and the test solution balanced against a blank prepared in the same 


* The experimental data in this paper are from a dissertation submitted by Doro- 
thy M. Buck in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in Biochemistry in the Graduate College of the State University of 
lowa. 
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way, but without the glyoxylic acid. The tryptophane content wag 
established with the aid of a calibration curve plotted from readings made 
on aqueous solutions of known concentration. With 0.02 mg. or more of 
tryptophane the error of analysis did not exceed 1 per cent; for smaller 
amounts the estimation was less accurate. 

Spectral transmittance curves plotted from measurements in the Cole- 
man! spectrophotometer showed maximum absorption at 550 my. Ky- 
nurenine, kynurenic acid, and indolepyruvic acid, all metabolites of trypto- 
phane, developed no color, but indole, skatole, and indolepropionic acid, 
which may be produced by bacterial action in the intestine, did. In the 
region of maximum absorption the colors with skatole and indolepropionic 
acid were qualitatively similar to the color formed with tryptophane; the 
color with indole was quite different. Colors produced by acetyl-l- 
tryptophane, acetyl-dl-tryptophane, phenacetyltryptophane, and methyl- 
enetryptophane also showed maximum absorption at about the same 
wave-length as tryptophane, as had already been observed for acetyltrypto- 
phane by Shaw and McFarlane (4). Although these derivatives are not 
normally found in the body, they resemble peptides closely enough to 
warrant the assumption that peptides produced metabolically from tryp- 
tophane cannot be distinguished from the free amino acid by this method. 

No satisfactory procedure was found for estimating indolepyruvie 
acid in small concentrations, such as might appear transiently in blood 
and tissues as the result of oxidative deamination of the tryptophane fed. 
Obviously the urea and non-protein nitrogen analyses conducted instead 
cannot serve specifically as an index of oxidative a-deamination ; ammonia 
is produced also when kynurenic acid is formed and its production from 
tryptophane by non-oxidative deamination, e.g. hydrolytic, cannot be 
precluded. 

In the tests on blood, the use of potassium oxalate as an anticoagulant 
and of tungstic acid as a deproteinizing agent did not interfere with the 
quantitative estimation of tryptophane added before the deproteinization. 
Blood urea was determined by the method of Koch (5), non-protein nitro- 
gen by a minor modification of the procedure of Keys (6). 

Small oral doses of tryptophane in the rabbit and the rat (0.35 gm. per 
kilo) produced concentrations in the blood which rose to a maximum 
abruptly and declined to zero again in 5 hours. Unlike the inconsistent 
and erratic changes after subcutaneous injection, the general trend fol- 
lowing oral administration was reproducible. Therefore, in the studies 
involving the simultaneous estimation of tryptophane, urea, and non- 
protein nitrogen, male rabbits which had been fasted for 18 hours were 
given relatively large doses of tryptophane (1 gm. per kilo, suspended in 


1The double monochromator model was used. 
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‘as. | water) by stomach tube. With one exception the dosage caused no ill 
de effects, but larger amounts of tryptophane were sometimes toxic. All 
of  plood samples were drawn from the marginal ear vein. The analyses 
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Changes in Concentration of Tryptophane, Urea, and Non-Protein Nitrogen in Blood 















































7 of Rabbit after Administration of Tryptophane* by Stomach Tube 
| | 
—_— |“ | Tixsaiter | Teyptophanet | Urea | Nonpoeein) Sissi 
id, | eee Te Pree eemeenv ary aa 
he hg. | brs. | mg. per 100cc. | hte | me. per mg. er 
uc 7 3 el ee ee 0 | 12.9 40.5 27.6 
he Rieey 24.4 (3.3) | 14.6 49.2 31.3 
-l. 4 | 12.8(1.7) | 22.6 49.2 24.9 
|. | e.1 4 2.0(0.3) | 18.1 43.4 25.0 
| 3 | 1.6 (0.2) 24.1 48.0 23.7 
mi 9 | 2.6 | 0 | o | 15.5 37.4 21.9 
 . ee ee ok 46.2 24.8 
ot 4 | 8.4 (1.2) | 22.1 46.2 22.9 
to 6 0 | 13.6 43.6 30.0 
D- _ 0 | 25.2 40.0 14.8 
4 9 2.6 | 0 | 0 | 14.2 41.0 26.8 
. 2 | 2.9(2.9) | 17.2 48.8 28.7 
bed } 4 | 17.4(2.4) | 15.85 | 49.0 31.1 
od 6 0 | 14.8 | 50.0 35.6 
d. 8 | 0 1 BA +. 34.1 
2 | = 0 | 17.6 | 51.6 34.0 
, | 2 0 | 17.6 
- il 25 | 0 0 | 14.5 39.8 25.3 
m ; ) weer or Be 48.0 25.9 
be 4 3.2 (0.4) 19.8 48.0 27.8 
| 6 | 0 17.1 42.8 25.7 
at | 4" 0 19.4 43.6 24.2 
be | } 10 | 0 | 19.8 43.8 24.0 
a ae 0 21.5 43.6 22.1 
a 13 2.5 | yo 2.8 (0.4) 22.6 47.6 24.6 
0- | 2 15.7 (2.2) 25.1 52.4 35.1 
Box 8.0 (1.0) 20.6 51.4 29.8 
e 2 =. 20.3 49.8 29.5 
- | g | 0 20.3 49.9 29.5 
| 10 | 0 22.0 53.0 31.0 
; eS. es ie. | 23.8 49.8 26.0 
i). ® 4 _ Tae | 
es * The dosage was 1 gm. per kilo of body weight. 
o- t Tryptophane nitrogen is indicated in the parentheses. 
‘ (Table I) showed a maximum concentration of tryptophane in 2 hours, 


less in 4 hours, and little or none in 6; a primary rise in urea to a maximum 
in the 2 or 4 hour sample, a decline to a minimum in the 6 or 8 hour speci- 
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men, then a secondary rise; and a concentration of non-protein nitrogen 
which in most instances reflected the changes in urea and tryptophane. 
The depression of urea which accompanied or soon followed the disap. 
pearance of tryptophane, to be succeeded later by a secondary rise, made 
it desirable to determine whether tryptophane is readily withdrawn for 
time into the tissues. Rats, which had been fasted for 18 hours, then fed 
0.35 to 1.3 gm. of tryptophane per kilo of body weight, were killed with 
ether, usually 1 to 3 hours later. The gastrointestinal tract was dissected 
out and washed thoroughly with boiling water to recover the unabsorbed 
tryptophane. The gastrocnemius muscles, liver, and kidneys were re 
moved and ground separately with sand. The skin was peeled off, to 
gether with the fatty layer and the tail, and rinsed free of adhering blood. — 
The rinsings were combined with the blood for analysis with the remainder 
of the ‘“carcass.’”’ The “skin’’ and “‘carcass’’ fractions were ground sepa- 
rately in a meat chopper. Each of the several fractions was extracted 
eight times with a total of approximately 10 times its weight of boiling 
water acidified with 1 gm. of trichloroacetic acid per liter to facilitate 
coagulation. Complete precipitation of protein at this stage required 
concentrations of trichloroacetic acid high enough to interfere with the 
tryptophane determination. The small amount of residual protein was 
therefore removed in a subsequent step, by transferring the extract toa 
200 cc. volumetric flask and adding 20 cc. of 25 per cent cupric sulfate 
and enough 10 per cent calcium hydroxide suspension (usually about 2 
ec.) to make the mixture alkaline to litmus. When the volume of the 
extract was too large, it was first concentrated in vacuo to about 100 e. , 
Several other methods of removing proteins proved to be less satisfactory 
than this combination. ue 
Large amounts of fatty substances in the skin extracts made precipita- 
tion and filtration difficult. Calcium sulfate, which sometimes separated e 
during the assay of the filtrates for tryptophane, was removed by centrifu- ' 
gation just before measuring the color in the photometer. Some of the anal 
carcass and skin blanks showed noticeable coloration. : 
As outlined, analysis accounted fairly completely, but variably, for tat 
tryptophane which had been added to carcass tissue (85 to 100 per cent) late 
and to liver (93 to 100 per cent). Recoveries were rather poor from kid- this 
ney tissue (43 to 54 per cent) and from the skin (44 per cent), and interme T 
diate from leg muscle (52 to 80 per cent). Freezing the tissue afforded no 3 
advantage and seemed even to interfere with tryptophane recovery. nti 
Table II shows that in rats fed tryptophane less than a third of the 
amount absorbed could be detected in the body, even in the Ist hour F 
after the feeding. That none was found in the muscle may be ascribed er 
part, but not entirely, to the small sample analyzed; this observation aid 
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agrees with that of Luck (1) that feeding amino acids induced no signifi- 
cant change in the amino nitrogen content of muscle tissue. Except in a 
single instance no tryptophane could be found in the kidney. Its concen- 
tration in the liver varied widely, being reasonably consistent only in the 
3 hour tests, in which it accounted for about a fifth of the total trypto- 
ghane found in the body. Either of the two processes ascribed to the liver, 
deamination to indolepyruvic acid and conversion to kynurenine and 
kynurenic acid, produces metabolites unresponsive to the tryptophane 


TaB_e II 
Absorption and Distribution of Tryptophane in Rats Fed Tryptophane after 
18 Hour Fast 


Trypto- Tryptophane found* 


Rat No. es Sige. , Fisse for phane Skin et — 
weight phane fed | absorption Poses x Liver | Carcasst | Total 

gm. me. hrs. me. mg. me. me. me. 

l 275 0 0 o | 0 0 0.8 | 0.8 
2 300 0 0 é: 418 0 0.3 0.3 
i | 270 0 0 ®. Loe 0 0.6 | 0.6 
4 | 190 65 ] 44.2 f 1.7 | 0.4 11.2 13.3 
5b | 190 65 2 60.5 2.1 0.3 9.0 11.4 
13 230 . 80 l 57.4 0.2 0.9 4.8 5.9 
5 | 260 91 2 82.2 4.6 0.4 10.0 | 15.0 
_—) oe 9] 3 80.4 1oO )6| «(2.7 12.1 15.8 
3 | 290 91 10 = 0 0.3 0.3 
6 290 135 2 129.3 2.7 | 0.4 22 5 25.6 
8 240 135 3 2.8 | 0.2 | 2.2 | 8S 11.2 
10 | 260 270 3 247.8 | 2.0 5.0 16.8 24.2f 
9 | 209 270 6 27 : Bing ¢ 12.7 | 16.0 





* No tryptophane was found in any of the gastrocnemius muscle samples analyzed 
and, except in one test, none was found in the kidneys. Hence these analyses are 
not tabulated. 

t Includes blood and all of the body except the gastrointestinal tract and the parts 
analyzed separately. 

t The kidneys of this animal contained 0.4 mg. 


test. Appreciable urinary excretion of kynurenic acid would likely stimu- 
late the kidney to produce ammonia, possibly even from tryptophane, if 
this were readily available. 

The skin retained tryptophane temporarily in amounts representing 
13 to 37 per cent of the total in the Ist and 2nd hours, and 2 to 8 per cent 
inthe 3rd. Usually over half of the total tryptophane detected was in the 
“careass” fraction, which included the blood. The capacity of these 
tissues to destroy tryptophane is unknown. Retention of tryptophane as 
such by the tissues appears to be only temporary and of secondary signifi- 
cance in lowering the tryptophane content of the blood. 
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The introduction of certain substituents into the a-amino group pm. 
vents tryptophane from promoting growth in the rat or yielding kynurenie 
acid in the rabbit. Obviously, therefore, the substituent must either 
block metabolism entirely or alter its course profoundly. In the latter 
event, measurable differences in rate of metabolism could conceivably 
facilitate interpretation of the observations with tryptophane. With this 
in mind, methylenetryptophane and phenacetyltryptophane were tested 
for their influence upon the urea and the non-protein nitrogen content of 
the blood, as tryptophane had been. Neither of these derivatives pro- 
motes growth (7, 8); hence neither would be expected to produce kynurenie 
acid (methylenetryptophane is known not to do so (9), but phenacetyl- 
tryptophane has not been similarly tested). Both compounds are rela- 
tively insoluble in acid solution and consequently highly susceptible to 
precipitation with or adsorption on the tungstic acid precipitate. This 
probably explains why blood filtrates prepared after the feeding of these 
derivatives failed to produce a color in the test for tryptophane (Table 
III), except in the 2nd hour after phenacetyltryptophane administration, 
when a weak response was noted. Both compounds caused a rise in urea 
which was not followed by the fluctuations observed consistently in the 
tests with tryptophane. This seems to argue against failure to undergo 
absorption and catabolism, though partial excretion unchanged (9) and 
incomplete catabolism are probable. 

The rise in urea noted after feeding phenacetyltryptophane was par- 
ticularly striking. To determine whether phenylacetic acid could have 
been liberated and thus involved, phenylacetic acid was fed as the sodium 
salt. The blood urea did not increase steadily as after the ingestion of 
phenacetyltryptophanc but showed a rather long initial depression which 
probably reflected diversion of amino nitrogen for detoxication of the 
phenylacetic acid. Since the acid was fed as the salt, appreciable diver- 
sion for the synthesis of urinary ammonia would seem unlikely. The 
marked rise in blood urea which followed this depression may reflect read- 
justments incident to restoration of the normal metabolic state upon 
release of the stress of mobilizing amino nitrogen for the conjugation. 
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DISCUSSION 


Analysis of the data in the light of previous observations seems to admit 
of the following interpretation pertaining to animals which excrete ky- 
nurenic acid. The early rise in urea and the rapid removal of tryptophane 
iy from the blood after tryptophane is fed indicate that the initial steps of its 
metabolism are begun promptly. This is substantiated in the rat by 
failure to account for more than a third of the tryptophane absorbed, even 
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re Taste III 
nie Changes in Concentration of Urea and Non-Protein Nitrogen in Blood of Rabbit Given 
h Methylenetryptophane, Phenacetylitryptophane, or Phenylacetic Acid by 
Stomach Tube 
ter — 
. . : Non- 
-. — Weight Substance fed —— Urea N = —. 
me ke. ms. | “ote | “tbote. | "10 be 
Pv 12 2.2 Methylenetryptophane 0 14.7 44.8 30.1 
: (2.34 gm.) 2 15.3 44.8 29.5 
ne 4 16.5 47.0 30.5 
yl- 6 15.8 51.6 35.8 
la- 8 22.0 50.8 28.8 
to 10 22.4 | 53.4 | 31.0 
his 12 22.1 49.4 27.3 
14 2.1 Methylenetryptophane 0 18.2 44.0 25.8 
ene (2.22 gm.) 2 16.3 44.4 28.1 
ble 4 18.0 45.0 27.0 
On, 6 20.4 47.2 26.8 
rea 8 21.8 45.8 24.0 
the 10 19.4 51.6 32.2 
12 21.8 53.4 31.6 
g0 15 2.6 Phenacetyltryptophane 0 14.5 46.0 31.3* 
and (2.4 gm.) 2 20.1 53.2 2.3* 
4 24.5 61.8 37.3 
= 6 31.4 | 67.0 | 35.6 
ave 8 35.3 73.0 37.7 
10 45.5 80.4 34.9 
- 12 53.1 95.0 41.9 
of 16 3.1 | Phenacetyltryptophane| 0 21.2 | 46.4 | 25.2 
ich (2.2 gm.) 2 23.0 52.4 29.1 
the 4 24.7 50.8 26.1 
ver 6 33.0 55.2 22.2 
Th 8 32.2 58.0 25.8 
. 10 36.8 61.6 24.8 
ad- 12 34.1 | 63.2 | 29.1 
pon 10 2.7 Phenylacetic acid (1.0 0 12.5 42,8 30.3 
gm. as Na salt) 2 11.5 39.4 27.9 
P 4 8.6 37.0 28.4 
6 8.2 42.2 34.0 
¢ 8 10.0 41.2 31.2 
mit 10 18.7 | 47.1 | 28.4 
ky- 12 20.5 44.5 24.0 
ane 
its * The color produced in the tryptophane test was equivalent to 0.2 mg. of trypto- 


phane N per 100 cc. of blood in the initial period, 0.8 mg. in the 2 hour period. 
by t The color produced in the tryptophane test was equivalent to 0.3 mg. of trvnta- 
ven phane N per 100 cc. in this period. 
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in the Ist hour. Earlier studies on rats fed even larger doses of I-trypto- 
phane suggest that excretion in the urine was not involved (10). Theo- 
retically, at least, ammonia can be produced metabolically from trypto- 
phane either before or after rupture of the indole ring. The noticeable 
depression in blood urea which followed the initial peak in every test on 
tryptophane suggests diversion of nitrogen from urea s.nthesis, possibly 
to provide ammonia for the excretion of acidic metabolites, such as ky- 
nurenie acid. This supposition is strengthened by the observation that 
interference with deamination and kynurenie acid synthesis by blocking 
the a-amino group of tryptophane prevented the fluctuations in blood 
urea noted with the free amino acid. If the gradual increases observed 
in the urea nitrogen were produced by the metabolism of the methylene 
or the phenacetyl derivative fed, initial rupture of the indole ring must be 
assumed. Operation of the process involved in the synthesis of kynurenine 
would yield a derivative of kynurenine containing a free amino group. 
Since rats fed free kynurenine excrete only a portion as kynurenine or 
kynurenic acid (10), at least one other metabolic path, quantitatively 
even more important than conversion to kynurenic acid, must be avail- 
able for kynurenine to follow (10). The only paths obviously closed to 
kynurenine derivatives such as the ones suggested are those allowing 
ultimate production of kynurenic acid. 


SUMMARY 

Analysis of the blood of rabbits at intervals after the ingestion of sizable 
doses of tryptophane reveals changes in the tryptophane, urea, and non- 
protein nitrogen contents which begin promptly and follow a characteristic 
and reproducible sequence. The changes which occur after the ingestion 
of the methylene or the phenacetyl derivative of tryptophane follow a dif- 
ferent sequence. 

Suggestions as to the probable course of the metabolism of free trypto- 
phane and the derivatives are made on the basis of these data and on the 
assumption that the substituent groups alter the course of metabolism 
chiefly by preventing ready a-deamination and the synthesis and exere- 
tion of kynurenic acid. 

Analysis of a series of rats killed at intervals after they had been fed 
tryptophane in amounts too low to cause any considerable excretion 
showed no tryptophane in the muscle or kidney, but appreciable amounts 
in the liver, skin, and the remainder of the animal during the first few hours. 
At no time did the total amount found in the rat represent more than 4 
third of the tryptophane absorbed. This supports the conclusion based 
on observations with rabbits that at least the initial stages of tryptophane 


metabolism must proceed rapidly. 
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THE ELECTROPHORETIC MOBILITY OF HUMAN SERUM 
ALBUMIN AS AFFECTED BY LOWER FATTY 
ACID SALTS 


By GERALD A. BALLOU, PAUL D. BOYER, ann JAMES MURRAY LUCK 
(From the Department of Chemisiry, Stanford University, California) 


(Received for publication, March 12, 1945) 


In earlier work (1) it was shown that the lower fatty acid anions, when 
present in low concentrations in solutions of human serum albumin, 
exerted a marked stabilizing effect against coagulation of the protein by 
heat. This effect was also observed to increase with increasing chain 
length of the fatty acid anion. The purpose of this investigation was to 
ascertain whether any electrostatic association or specific interaction of the 
lower fatty acid anions with the protein occurred, and to study the effect 
of chain length on the affinity of the carboxylate ion for the protein. 
Since combination of such anions, either by polar association with posi- 
tively charged groups of a protein or by non-polar association, would 
change the net charge on the protein molecule (2), and since the electropho- 
retic mobility is a sensitive indicator of the net charge (3), the problem 
was investigated electrophoretically. 

A number of investigators (4-9) have demonstrated by means of mobility 
measurements a specific interaction of certain buffer anions with dissolved 
and adsorbed proteins. Specific anion interactions with amylase and 
taka-diastase have also been reported (10). From titration data, Stein- 
hardt (11) observed a variable affinity of different organic acid anions for 
protein, and concluded that the specific affinities could not be attributed to 
electrostatic association alone. As will be seen below, our findings tend to 
confirm this conclusion. 

Lundgren and coworkers (12, 13) and Putnam and Neurath (14) found 
from electrophoretic mobility measurements a considerable interaction of 
synthetic detergents with serum and egg albumin. Several factors, 
however, tend to make the system quite complex when detergents are 
present. Chief among these (a) proteins are readily denatured by deter- 
gents such as sodium dodecyl sulfate and the alkyl aryl sulfonates, and (b) 
except in very dilute solutions, the detergents are present not in true 
solution but in the state of micelles. Another factor which may influence 
considerably the relationship between mobility and detergent concentration 
is the marked variation in viscosity with increase in detergent concen- 
tration. As is well known, the electrophoretic mobility is inversely propor- 
tional to the viscosity of the medium. 
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Instead of a study of the effects of the different anions on the mobility-pH 
relationship at various ionic strengths (4, 5, 7, 8), the influence of concentra. 
tion of the anion on the mobility of the protein at a constant ionic strength 
of 0.2 and pH of 7.7 was determined. 

It is improbable that any denaturation of the protein was produced by 
the fatty acid anions used (15), or that any appreciable micelle formation 
of the anions occurred within the concentration ranges herein studied. 


EXPERIMENTAL 


Crystalline human serum albumin, obtained from the Plasma Fractiona- 
tion Laboratory, Harvard University, was used. The sodium salts of 
butyric, caproic, heptoic, and caprylic acids, either in the anhydrous state 
or in solution, were used in the preparation of the solutions. 

For each run 1.8 liters of buffer-salt solution were prepared; these con- 
tained the desired proportions of sodium chloride, sodium salt of the fatty 
acid, and phosphate buffer. The pH of the solution, after being diluted 
to volume, was finally adjusted by the dropwise addition of 3 N NaOH to 
7.70 with the aid of a Beckman pH meter. In the ionic strength caleula- 
tions the ratio (HPO; )/(H:PO7) was calculated to be 10 at pH 7.7. 

0.5 gm. of the crystalline albumin was dissolved in 100 ml. of the buffer- 
salt solution, and the pH of this solution was carefully adjusted to 7.70. 
This volume of approximately 0.5 per cent protein was then dialyzed 
against the remaining 1.7 liters of buffer-salt solution until equilibrium was 
attained. The final pH, conductivity, and viscosity measurements were 
made on the protein solution after dialysis. The pH was determined at 
room temperature, while the conductivity and viscosity measurements were 
made at 0.6°, the temperature of the electrophoresis bath. 

The Longsworth modification (16) of the electrophoresis apparatus was 
used to obtain the mobility data in this work. Photographs of the initial 
and final boundaries were made by the scanning method of Longsworth 
(16). The potential gradients used for all of the runs came within the 
range of 4 to 6 volts per em. The time intervals between initial and final 
photographs varied from 2.5 to 4 hours. In the final photographs, owing 
to the low protein concentration and high ionic strengths, the 6 and ¢ 
boundaries were practically negligible. The ascending and descending 
boundaries were quite symmetrical and indicated a high state of homo- 
geneity. Only the mobilities of the descending boundaries were used it 
these studies. 

All mobilities were corrected to the viscosity of water (2, 17). The 
relative viscosities varied from 1.020 to 1.123 for the protein salt solutions, 
and hence the largest correction was about 12 per cent for the solution 
containing 0.1 m sodium caprylate. The relative viscosity-salt concentr- 
tion curves were simple straight line functions. 
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RESULTS AND DISCUSSION 


Preliminary runs indicated that, in addition to the carboxylate ion, a 
yariable phosphate concentration caused a change in mobility, so that it 
was deemed necessary before using phosphate as a buffer to investigate 
the influence of a variable phosphate concentration at an ionic strength of 
02 and pH of 7.69 + 0.03. Fig. 1 illustrates the effect on the mobility of 
dbumin of variations in the total phosphate concentration from 0.0072 m 
0 0.072 m. At 0.0072 m phosphate, 0.18 m sodium chloride was present, 
yhile no sodium chloride was present at 0.072 m phosphate. The increase 
in mobility, corrected to the viscosity of water, and in sq. em. sec. volt, 
amounted to about 30 per cent. Evidently there is a considerable specific 
interaction of the divalent phosphate ion with the protein. Of the total 
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Fig. 1. The effect of phosphate on the electrophoretic mobility of human serum 
albumin. 
phosphate present, 91 per cent consisted of HPO;. An increase in protein 
mobility due to phosphate interaction has also been observed by Moyer (5) 
and by Longsworth (9). 

In view of these data for phosphate it was our intention to use, in the 
presence of the carboxylate ions, a phosphate concentration low enough to 
provide some buffering action and yet not high enough to complicate any 
results attributable to association of the fatty acid anions. Fig. 2 presents 
the results obtained with caprylate, heptoate, caproate, and butyrate. 
The phosphate concentration was 0.025 » in all runs, while the sum of the 
concentrations of sodium chloride and the sodium salt of the fatty acid was 
0.13 m, thus yielding a constant ionic strength of 0.2. The approximate 
mole ratio of carboxylate ion to albumin, at a carboxylate concentration of 
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0.10 m, was 1400. Owing to the manner of preparation of the protein. 
buffer solutions, the carboxylate ion concentration in these experiments 
is essentially that of the free fatty acid anions in equilibrium with the 
protein-anion complex. 

These curves demonstrate clearly a specific interaction of these anions 
with the albumin, and an increasing affinity in ascending from butyrate to 
caprylate. This increase in affinity corresponds to the increase in thermal 
stability previously noted (1). If the electrostatic attraction between the 
anion and the positive groups of the protein is similar for the different 
carboxylate ions, as it may well be since the dissociation constants of the 
acids are very nearly the same, then the observed difference in association 
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Fig. 2. The effect of lower fatty acids on the electrophoretic mobility of human 
serum albumin. The curves represent addition of (Curve 1) sodium caprylate, 
(Curve 2) sodium heptoate, (Curve 3) sodium caproate, and (Curve 4) sodium 
butyrate. 


of the anions with the protein may be attributed to the increasing length of 
the hydrocarbon chain (11) and probably to increasing van der Waals forces. 

The inflection in the caprylate curve, which is apparent but less marked 
in the heptoate curve, would seem to indicate groups or positions on the 
protein ion having different affinities for the same carboxylate ion. How- 
ever, the causative factor for the initial dip in the caproate and the butyrate 
curves, which may be due to a combined effect of phosphate and the 
carboxylate anion, may also be responsible for the inflections in the capry- 
late and heptoate curves. 

Interesting speculations arise when one considers that the electrostatic 
and probably sole type of interaction between the divalent phosphate ion 
and the positive grcups of the protein may increase the net charge on the 
complex by an association of an HPOF ion with two positive charges on the 
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protein, or by association of HPO® with one positive charge on the protein, 
thus leaving a negative charge on the phosphate free. The resultant net 
charge on the complex would be the same in either case. However, if the 
HPOS ion, doubly associated, were to be displaced by a singly charged 
anion of high affinity for the protein and were caused to associate in the 
scond manner, the net charge on the complex would be increased with 
no loss in phosphate to the complex. 

This may be the explanation for the results obtained in Fig. 3 in which 
the mobilities for various combinations of caprylate and phosphate are 
presented. The pH and ionic strengths were the same as before; 1.e., 
77 and 0.2. It will be noted that the mobility rises and levels off at a 
value appreciably greater than that for 0.06 m caprylate in Fig. 2 or for 
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Fic. 3. The effect of caprylate and phosphate on the electrophoretic mobility of 
human serum albumin. 


0.072 m phosphate in Fig. 1. Another and perhaps no less plausible 
explanation may be that the summation effect in Fig. 3 is caused by the 
increasing non-polar association of the hydrocarbon chain of the caprylate 
ion with non-polar chains or portions of the protein molecule. This effect 
may also be responsible for the slow rise in mobility between 0.05 m and 
0.10 m caprylate in Fig. 2. 

One run was made in the presence of 0.054 m phosphate and 0.05 m 
butyrate in which a mobility of 6.0 X 10- sq. cm. sec. volt“ was obtained. 
lithis mobility is compared with that for the caprylate-phosphate mixture 
of the same composition, namely 7.3 X 10-* sq. cm. sec. volt, and with 
6.25 X 10-5 sq. cm. sec.— volt! for 0.054 m phosphate and 0.05 m chloride, 
there appears the same phenomenon that is illustrated by the butyrate 
curve of Fig. 2; that is, an apparent decrease in net charge on the complex 


caused by the butyrate. 
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SUMMARY 


1. The effects of the butyrate, caproate, heptoate, caprylate, and 
phosphate ions on the electrophoretic mobility of human serum albumin 
were studied. 

2. Evidence of an anion-albumin association, which increases with | 
increase in chain length, is presented. ym 

We are indebted to the Plasma Fractionation Laboratory, Harvard 
University, for the albumin used in these studies and to Professor Car] E 
Noller of Stanford University for the heptoic acid which was employed, | ™ 

This work was done under a contract recommended by the Committee ™ 
on Medical Research, between the Office of Scientific Research and De iat 
velopment and Stanford University. prac 

and 
qual 


BIBLIOGRAPHY 


1. Ballou, G. A., Boyer, P. D., Luck, J. M., and Lum, F. G., J. Biol. Chem., 188, 

589 (1944); J. Clin. Invest., 23, 454 (1944). | vidu 
2. Abramson, H. A., Moyer, L. 8., and Gorin, M. H., Electrophoresis of proteins this 
and the chemistry of cell surfaces, New York (1942). | 


3. Abramson, H. A., Gorin, M. H. and Moyer, L.S., Chem. Rev., 24, 345 (1939). 
4. Smith, E. R. B., J. Biol. Chem., 108, 187 (1935). 
5. Moyer, L. S., Tr. Faraday Soc., 36, 248 (1940). a 
6. Moyer, L. 8., and Moyer, E. Z., J. Biol. Chem., 132, 373 (1940). | Ne f 
7. Sookne, A. M., and Harris, M., J. Res. Nat. Bur. Standards, 23, 299 (1939). and 
8. Davis, B. D., and Cohn, E. J., J. Am. Chem. Soc., 61, 2092 (1939). wir 
9. Longsworth, L. G., Ann. New York Acad. Sc., 41, 267 (1941). tote 
10. Ballou, G. A., and Luck, J. M., J. Biol. Chem., 185, 111 (1940); 189, 233 (1941). 
11. Steinhardt, J., Ann. New York Acad. Sc., 41, 287 (1941). iy 
12. Lundgren, H. P., Elam, D. W., and O’Connell, R. A., J. Biol. Chem., 149, 18 0 a 
(1943). ~ shou 
13. Lundgren, H. P., and O’Connell, R. A., Ind. and Eng. Chem., 36, 370 (1944). vet 1 
14. Putnam, F. W., and Neurath, H., J. Am. Chem. Soc., 66, 1992 (1944). : qT 
15. Rice, R. G., Ballou, G. A., Boyer, P. D., Luck, J. M., and Lum, F. G., J. Bial. 
Chem., 158, 609 (1945). en 
16. Longsworth, L. A., Chem. Rev., 30, 323 (1942). down 
17. Daniel, J., J. Gen. Physiol., 16, 459 (1933). Af 
acid, 
swirl 
until 
this 
op 
Yo pl 
'T 
‘met 





and 
umin 


with 


vard 


Car! 


ittee 


eins 


41) 


0 





BIOLOGICAL ESTIMATION OF THE THIAZOLE AND 
PYRIMIDINE MOIETIES OF VITAMIN B, 


By H. G. OBERMEYER anp LING CHEN 


From the Research Laboratories of Merck and Company, Inc., Rahway, New Jersey) 


(Received for publication, March 23, 1945) 


Fungus growth methods for estimating either vitamin B, thiazole or 
vitamin B, pyrimidine! have been used by Robbins and Kavanagh (1), 
Kavanagh (2), and Krampitz and Woolley (3), and a fermentation stim- 
iation method has been described by Schultz, Atkin, and Frey (4). A 
pocedure utilizing the synthesis of vitamin B, by yeast from thiazole 
wd pyrimidine has been used in this laboratory to estimate minute 
wantities of these moieties. By suitable differential procedure, thia- 
nine, thiazole, and pyrimidine in food materials may be estimated indi- 


‘yidually. The procedure and certain of its limitations are described in 


this paper. 
Method 


25 gm. of patent flour were introduced into a clean dry 500 ml. volumet- 


| ‘ . . . . 
fe flask. 1 gm. of fresh bakers’ yeast (Fleischmann, in water suspension) 


ud water to 40 ml. were added. The system was then mixed by vigorous 
wirling into a smooth, lump-free batter, stoppered loosely, and allowed 
toferment 18 hours (overnight) at room temperature. 

Flour was used as a practical expedient to furnish yeast nutrients and 
avoid the need for a continuous shaker. The flour-water ratio used 
should permit the formation of a batter mobile enough for thorough mixing 
yet Viscous enough to prevent settling of the yeast and flour solids. 

The materials being tested were added to assigned flasks as solutions 
suspensions just before the balance of the water which was used to rinse 
down the necks. Sixteen of these flasks were usually run in one series. 

After fermentation, the batter was dispersed in 250 ml. of 0.05 N sulfuric 
sid, and heated 30 minutes in a boiling water bath. The flasks were 
witled at least once every minute for the first 5 minutes of the heating 
util the starch gelatinized. Any unfermented controls were prepared at 
this point. In these controls, the acid was introduced before the yeast 
© prevent synthesis. When cooled, the suspensions were neutralized 
0 pH 4.5 with sodium acetate solution. Then 0.5 gm. of clarase in 10 


‘Throughout this paper, unless otherwise stated, the term thiazole (I) refers to 
‘methyl-5-hydroxyethylthiazole and pyrimidine (II) refers to 2-methyl-5-ethoxy- 
methyl-4-aminopyrimidine. 
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ml. of water was added and the suspensions incubated overnight at 38° 
This treatment was found to extract and hydrolyze cocarboxylase eff. 
ciently. The assay for thiamine was then made by means of the thio- 
chrome method with the Decalso purification recommended by Hep- 
nessy (5). 

To determine the increase in thiamine produced by yeast synthesis, 
it was necessary to determine first the thiamine in the unfermented contrdl, 
contributed by the flour, yeast, and the material being tested. The differ. 
ence in the vitamin B,; content between the fermented and unfermented 
samples was regarded as the amount of vitamin B, synthesized by the yeast, 
This was assumed to be due to the presence of equimolar quantities of a 


thiazole derivative and a pyrimidine derivative which are capable of 
TABLE I 
Efficiency of Conversion and Recovery 
| Observed 
vitamin B;(as 


Sample and treatment hydrochloride) Theory 


persample | 
Y | per cent 

Control, unfermented 18.9 | 

“y fermented nsdn 4 18.2 
100 y vitamin B, hydrochloride, unfermented... 118.0 99 
100 ** — a fermented...... 115.1 96 
50 ‘ (1), fermented... ve ; 18.0 
50 * (ID), “ é ; ge ery : 18.5 
30 ‘* (I) and 30 y (II) (0.1796 micromole), fermented. . .| 76.7 | 96 
sO  % BO & 2904 « ), * ft. 2603 | oe 
10 “« “100% « @5ee8 “  ), ee 213.4 | 
50 ‘ ** (0.3497 micromole) and 100 y (II), fermented . 135.1 99 
100 ** ** and 50 y (II) (0.2994 micromole), - iets 115.9 97 





yielding vitamin B,; upon combination. Amounts of either moiety in 
excess of equimolar proportions were estimated by adding increments of 
the limiting moiety to duplicate systems before the fermentation until 
a maximum production of vitamin B; was obtained. 

Efficiency—The efficiency of this procedure in converting the thiamine 
moieties (I) and (II) into vitamin B, may be seen in the data of Table 
I, in which the molar concentration of the limiting moiety is indicated. 

The recovery of added thiamine and the efficiency of the yeast synthesis 
ranged between 95 and 100 per cent under these conditions. Thus, at | 
these thiamine levels, a correction factor was not required. The data in | 
Table I indicate that slight excesses of either moiety had no effect upon | 
the efficiency of the conversion under these conditions and that the yeast 
did not synthesize either (I) or (II). | 
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Specificity—Although (I) and (II) are the moieties expected from 
thiamine degradation, they are not the only ones which can be utilized in 
the yeast synthesis of vitamin B;. Fink and Just (6) tested different 
thiazole and pyrimidine derivatives with varied types of yeast and observed 
that several derivatives could be utilized by the yeasts. Their results 

| are in agreement with those of Schultz (7) who found that the physiglogical 
tivity in chemically prepared analogues of thiamine was retained when 
the alkyl groups were changed in position 2 of the pyrimidine and position 
tof the thiazole; changes in positions other than these greatly reduced 
the vitamin B, activity. 

Several thiazole and pyrimidine derivatives? were available and were 
tested with the yeast synthesis procedure to determine whether any were 


TaB_e II 
Yeast Synthesis with Varied Thiazole and Pyrimidine Derivatives 





| _ Observed 
Sample containing 50 y thiazole and 50 y pyrimidine designated Tarechiotide Theoretical 


per sample 





Y per cent 


fe EP es ee ne em eM 18.5 
sad iB» 9” ey Pere eve 112.5 95 
SS co ie 600s cache by akin nctaalev dewen the tceneut 18.0 
UD as ad cS aack ok bs Re Sales thc Seas SEA 18.0 
mare CV) (0.2762 micromole)... ... ios. cc cosccsvecsvcecs 80.5 67 


Ee en aeeeeee Mee ee 17.5 
ER so. cva'onacvs oain'd wea s 00 ede teen Renae eae aateee 18.0 


EE | eee ie 18.5 
(X) (0.2703 micromole) and (II)...................2e00e- 76.0 63 
a eee ere wad talkie «x Ceptenaie 17.5 
(X) (0.2703 micromole) and (V)...............--+--e005: 70.0 57 











utilized by the yeast to form a thiamine analogue capable of being converted 
toa fluorescing substance upon alkaline oxidation but being devoid of 
Vitamin B,; activity in itself. The following thiazole and pyrimidine 
derivatives were tested: 2-methyl-4-amino-5-methylsulfonic acid pyri- 
midine (III), 2-methyl-4-hydroxy-6-ethoxymethylpyrimidine (IV), 2-ethyl- 
4amino-5-ethoxymethylpyrimidine (V), 2-ethyl-4-hydroxy-5-ethoxymethyl- 
pyrimidine (VI), 4-hydroxy-6-methyl-5-methylpyrimidylethyl acetate 
(VII), 2-aminopyrimidine (VIIij, 2-amino-4-chloropyrimidine (IX), 4- 
methyl-5-8-acetoxyethylthiazole (X), and 3-iodomethyl-4-methyl-5-8-hy- 
droxyethylthiazole (XI). The results are shown in Table II. The molar 
concentrations of the limiting moiety are indicated. 


*Kindly supplied by Dr. G. A. Stein. 
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These data show that yeast utilized the combinations (1) and (V), (X) 
and (II), and (X) and (V) to produce compounds capable of being converted 
to a “thiochrome.” It is probable that other combinations of a number 
of thiazole and pyrimidine derivatives can be utilized by yeast in this way, 
For this reason, the precise configuration of the thiazole and pyrimidine 
moieties present in unknown materials cannot be indicated by this method, 

Deutsch (8) has observed that thiazole (1), pyrimidinesulfonic acid, 
oxychlorothiamine, certain phosphates, and other substances interfere 
in the measurement of pyrimidine (I1) by the yeast fermentation method 
in that they affect the rate of fermentation. Interference in the estimation 
of these moieties due to changes in the rate of fermentation has not been 
encountered in the resynthesis method. 

It was of interest to determine whether the analogues of thiamine pro- 
duced by yeast had physiological activity. A quantity of the compound 
formed by yeast from (X) and (V) was prepared by the non-proliferating 
procedure described by Van Lanen et al. (9). After thorough washing, 
the yeast was heated in dilute acid solution, neutralized, and digested with 
clarase. The filtrate was assayed by the thiochrome procedure. Inspee- 
tion of the aqueous layer following the oxidation and isobutanol extraction 
showed that some ‘‘cocarboxylase”’ had escaped hydrolysis. The clarase 
treatment was repeated until the filtrate was freed of “cocarboxylase.” 
This solution was tested for vitamin B, activity by curative and prophy- 
lactic tests in rats and was found to contain the same activity as indicated 
by the thiochrome test. This compound would correspond to the 2- 
ethylacetoxy vitamin described by Schultz (7) unless during its preparation 
the acetoxy group had been converted to a hydroxyl group, in which case 
it would correspond to the 2-ethyl analogue reported by Stein et al. (10) 
to have physiological activity. Similarly, other solutions containing the 
compounds synthesized by yeast from known (I) and (II) and from the 
degradation products of thiamine hydrochloride (heated in water at pH 
8.0) were observed to have the same activity in rats as like amounts of 
thiamine hydrochloride. This is in agreement with the report of Fink, 
Just, and Hock (11) who found that biosynthetic vitamin B, was active 
in rats. 

A pplication—The procedure was used to estimate the increased amounts 
of thiazole and pyrimidine moieties in food materials when subjected to 
thermal treatments of such nature as to cause partial destruction of the 
thiamine. The food materials were assayed for thiamine before and after 
the thermal treatment and the difference was regarded as the amount of 
thiamine destroyed. Assuming the destruction consisted of simple cleavage 
or hydrolysis, the theoretical amounts of (I) and (II) involved were cal- 
culated, as indicated in Table III. The thermal treatment varied with 
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thematerial. An aqueous solution of thiamine hydrochloride was adjusted 
to pH 8.0 with borate buffer and was kept at 55° for 4 days. During this 
treatment, 85 per cent of the thiamine was destroyed. Aliquots of this 
solution were used in the resynthesis test. The autoclaved yeast was 
prepared by autoclaving 5 hours at 120° and subsequently drying. 5 gm. 
portions of the dried preparation were mixed directly with the flour for 
the resynthesis test. The bread referred to in Table III was the white 
enriched variety and was baked 30 minutes in an oven at 220°. An entire 
loaf was dispersed in 0.05 n H.SO, in the Waring blendor, heated, neutra- 
lized, digested with clarase, and filtered. Portions of the filtrate were 
used for the resynthesis test. The flour sample referred to was enriched 
four which had been kept at 55° for 3 weeks in a closed container. ‘This 
four replaced the control flour in the resynthesis test. The sugar sample 
was prepared by mixing commercial cane sugar with thiamine hydrochloride 


TABLE III 
Resynthesis of Thiamine Degradation Products by Yeast 


Thiamine (as the hydrochloride) in micrograms per sample. 





‘Increase | Increase | per cent of that 


Increase |. feasnin | im vitenaianl 1 
in vitamin | in vitamin) involved in decompo- 


Thiamine known to | .42¢ : 
in vitamin 


be present 





; Seine Pree B, after B, after aiti 
Type of decomposition B; after Geemneevin,. | remit sition 
fermenta- | |; be : th 
3 tion tion with | tion with 
Active | Destroyed excess (I) | excess (II) (I) (IT) 
Thiamine solution. .. 42 92 19 | 54 | 16 | 2 | 6&9 
Autoclaved yeast.... 17 | 145 45 42 80 | 8&8 | 2 
| | od ‘ 

Bread... 167 30 10 o TT 2 Tea | 30 
Flour... . . oo) ee | Bia i em 
Sugar. _ aa 7 23 7 4 S:.. 4° 

' 


(1 mg. per 10 gm. of sugar) and maintaining it at 38° for 10 months. Ali- 
quots of an aqueous solution of this mixture were used in the resynthesis 
test. The efficiency of the vitamin B, synthesis was checked when each 
of the materials referred to in Table III was included in the fermenting 
system. The increments of (1) and (II) used in each case were 50 and 
100 y. 

These data indicate that substantial amounts of biologically available 
thiazole and pyrimidine remain in food material in which thiamine has 
undergone partial decomposition. The amounts of (I) and (II) available 
to the yeast differed in the different food products. It appeared that in 
the samples in which the thiamine degradation was induced by relatively 
low temperatures and extended time less thiazole than pyrimidine remained. 
In the materials processed by higher temperatures, more thiazole than 
pyrimidine remained. In view of the possible significance of the intestinal 
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synthesis of thiamine, residual thiazole and pyrimidine moieties should 
be considered in the designing and interpretation of feeding experiments 
in which vitamin B, effects are to be studied. 


The authors are grateful to Dr. G. A. Emerson for her valuable contyj- 
butions and to Miss Betty Wurtz who assisted her in performing the rat 
assays and to Dr. T. J. Webb, Dr. Klaus Unna, and Dr. J. C. Keresztesy 
for their helpful suggestions. 


SUMMARY 


A procedure based upon the synthesis of vitamin B, by bakers’ yeast 
has been used to estimate the biologically available thiazole and pyrimidine 
moieties in thiamine degradation products. By suitable differential pro- 
cedure, thiamine and the thiazole and pyrimidine moieties in mixtures may 
be estimated individually without interference from other fermentation- 
stimulating substances. The activity of several derivatives of thiazole 
and pyrimidine was determined. Use of the procedure has indicated that 
substantial amounts of the thiazole and pyrimidine moieties may occur 
in food products and that the amounts varied in different types of material. 
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STUDIES IN CARBOHYDRATE METABOLISM 


lV. THE TURNOVER OF GLYCOGEN IN THE LIVER AND CARCASS OF 
RATS FED GALACTOSE* 


By DeWITT STETTEN, Jr. 
WITH THE TECHNICAL ASSISTANCE OF ESTHER ROTHSTEIN 


(From the Depariment of Biochemistry, College of Physicians and Surgeons, 
Columbia University, New York) 


(Received for publication, April 2, 1945) 


In an earlier paper in this series observations were reported on the rate 
at which glycogen in the liver and carcass of rats was being replaced by 
freshly synthesized glycogen while the animals were maintained at constant 
weight (1). The rats used in those experiments were fed a diet containing 
(0per cent of glucose. From determination of the rate at which deuterium 
was incorporated into glycogen while the body fluids of the rats were 
enriched with D,O, it could be shown that the half life of glycogen was 
approximately 1.0 day in the liver and 3.6 days in the carcass, and that 
mly about 0.44 gm. of freshly synthesized glycogen was deposited each 
day in the entire body of an adult female rat under these circumstances. 

The present report deals with similar experiments in which d-galactose 


_ was the sole dietary carbohydrate. Galactose was selected as the test 


sugar because earlier workers had found it to be a slow glycogen former (2), 
and also because, on structural grounds, it appeared doubtful whether 


| galactose could be converted into glucose without prior rupture of the 


hexose chain into triose fragments. We have previously indicated the 
reasons for our expectation that glycogen, synthesized from fragments 
smaller than hexose in an animal whose body fluids contain D,O, should, 
when isolated, approach in isotope concentration 66 per cent of that in the 
body water (1). Experimentally, deuterium concentrations of 56 to 57 
per cent of that in the body water were obtained in the liver glycogen in a 
short time when lactic acid (3) or alanine! served as precursor. If, starting 
from galactose, glycogenesis proceeds exclusively through lactate, similarly 
high isotope concentrations might be anticipated in the glycogen deposited. 

Rats were maintained on a 60 per cent galactose diet for 1, 2, 4, and 8 
days after the initiation of DO administration, and the rise in deuterium 
toncentration in the glycogen of liver and carcass was observed. From 
the analytical values obtained (Table I) it is clear that in both liver and 


* This work was carried out with the aid of grants from the Nutrition Foundation, 
lne., and the Josiah Macy, Jr., Foundation. 
‘Stetten, D., Jr., and Klein, B., unpublished. 
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carcass the isotope concentration which was approached asymptotically 
in the glycogen lies closer to 30 per cent than it does to 60 per cent of that 
in the body water. The deuterium concentration of the liver glycogen 
attained very nearly its maximal value in 2 days and did not rise appre- 
ciably in the succeeding 6 days of observation. Indeed, after only 1 day 
the concentration of isotope in the glycogen from the liver had risen to a 
value of more than half of the maximal level, indicating a half life of 1 day 
or less, or a turnover of 70 per cent or more per day (Equation 3 (1)). The 
distribution of the values is not suitable for a more precise estimate of the 
rate of turnover. 

The concentration of isotope in the glycogen of the carcass was appar- 
ently still rising slowly after 8 days. Extrapolation from the 4 and 8 day 
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TaBLe | 
Uptake of Deuterium into Glycogen of Liver and Carcass 


A diet containing galactose as the only hexose was administered to pairs of adult 
rats for 1, 2, 4, and 8 days after the body fluids had been enriched with deuterium 
oxide. Glycogen was isolated from the livers and carcasses and its deuterium con- 
centration c omps ired with that of the body fui d. 


Concentration of deuterium 


Duration Analytical Denese Recalculated values 


“Body water | Liver glycogen | Carcass glycogen ‘Live glycogen | Carcass glycogen 


| per cent of body | “per centofbdy 




















days | atom per cent D| | atom per cent D aiom per cenit D outer | 

I 1.53 | 0.28 | O07 | 195 | 68 
2 165 | 0432 | 0.206 | 22 | 125 
4 | é 0.398 | 0.202 | 30.2 22.3 
s 1.31 | 0.369 | 0.383 28.2 29.2 





values (Equation 2 (1)) indicates that the maximal value, achieved only in 
infinite time, would be approximately 32 per cent of the deuterium concen- 
tration in the body water. The rate of turnover of muscle glycogen, t 
(Equation 1 (1)), has been calculated by the method of least squares as 30 
per cent replaced per day, which makes the half life of muscle glycogen 
about 2.3 days. 

Whereas the fraction of all the glycogen replaced each day in liver andin . 
carcass when galactose was fed was as large as, or larger than, the corre 
sponding fraction when glucose was fed (1), the actual weight of glycogen 
newly synthesized and deposited each day in the body of the rat was 
undoubtedly less when galactose was fed. This apparent discrepancy 
arises from the fact that the quantity of glycogen present both in carcass 
and in liver is appreciably less when galactose rather than glucose is the 
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ugar of the diet. Thus, when glucose was fed, the glycogen recovered 
from the liver averaged 547 mg., from the carcass 331 mg., whereas, after 
feeding of galactose, an average of only 74 mg. of glycogen was found in 
the liver, 211 mg. in the carcass. In view of the uncertainty of the rate 
of turnover of the liver glycogen referred to in the previous paragraph, we 
do not feel justified in calculating the precise weight of glycogen replaced 
yer day in rats eating galactose. 

The fact that the deuterium concentration in the glycogen of neither 
jver nor carcass shows any tendency to approach the expected maximum 
df 66 per cent requires the conclusion that a portion of the hydrogen of the 
glycogen synthesized from galactose was neither derived from nor in equi- 
' ibrium with the hydrogen of the body water. In view of our previous 
| demonstration that the hydrogen of glycogen synthesized from lactate is 
dmost exclusively either derived from or in equilibrium with that of the 
body water (3), it may be concluded that in the conversion of galactose to 
glycogen lactate is not a major intermediate. Regardless of whether glyco- 
gen was synthesized from glucose or from galactose, only about one-half 
df the carbon-bound hydrogen in each newly formed glycogen molecule 
vas derived from the body water. The other half of the stable hydrogen 
in the glycogen formed must have been derived from hydrogen initially 
bound to the hexose of the diet. 

It follows that galactose may be converted into glycogen in the animal 








without labilization of some of its hydrogen. Three possible pathways 


_ suggest themselves and there are no clues in the present data favoring any 


oe of these. (a) Epimerization about carbon atom 4 may occur without 
mpture of the hexose chain. (b) Rearrangement of the hexose molecule 
may occur through the intermediate formation of a cyclohexitol (4), as 


| suggested by Fischer. (c) Galactose may be split into fragments which 


immediately recondense to form glucose. 

When rats are fed galactose in the quantities administered in the present 
experiment, this sugar appears in considerable quantities in the urine. 
About 8 per cent of galactose was present constantly in the urine and the 
wine volumes were large, about 100 cc. per rat per day. The isolation of 
urinary galactose was accomplished by its oxidation to galactonic acid and 
subsequent condensation with o-phenylenediamine to the readily crystal- 
lized benzimidazole derivative (5). This material isolated from urine con- 
tained only 0.010 atom per cent D. The water from the same sample of 
wine contained 1.33 per cent D.O. This is in striking contrast to the 
unary glucose of the diabetic rat in which, under similar circumstances, 
very considerable concentrations of deuterium were found (6). 

The absence of deuterium from the urinary galactose serves as a strong 
atgument against the possibility of biologically activated exchange of 
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carbon-bound hydrogen atoms in the hexose molecule. It is always diffi. 
cult to establish with certainty that such exchange does not occur. The 
stability of the carbon-bound hydrogen atoms of glycogen and of glucose 
has, under certain selected conditions, already been demonstrated. Thus, 
whereas 34 per cent of the hydrogen of glycogen, corresponding roughly to 
the hydroxyl hydrogen, exchanges with water on simple solution, no dev- 
terium can be made to exchange with the remaining 66 per cent even on 
prolonged boiling with alkali and D,O (1). Once the isotope in the 34 per 
cent of exchangeable positions has been eliminated, no further isotope is 
lost on repeated treatment of deuterio glycogen with aqueous alkali, 
Glycogen samples have been isolated after feeding of lactate which con- 
tained concentrations of isotope in fair agreement with predicted values (3), 
Deuterio glucose has been isolated, as the pentaacetate, from the urine of a 
diabetic rat receiving D,O, and conversion of this pentaacetate to glucos- 
azone resulted in the loss of exactly one-seventh of the deuterium, corre- 
sponding to the one carbon-bound hydrogen atom displaced in the process, 
After prolonged heating of glucose in heavy water, the glucose pentaacetate 
isolated contained no significant amount of deuterium (6). 

To these lines of evidence should now be added the observation that on 
passage through the body of a rat whose body fluids contain D,O galactose 
acquires no stably bound deuterium. It has earlier been argued, on similar 
grounds, that the failure to find any deuterium in those fatty acids which 
the animal does not synthesize, linoleic and linolenic, indicates the animal’s 
inability to introduce deuterium into fatty acids by exchange, and hence 
the occurrence of deuterium in other fatty acids under the same circum- 
stances indicates synthesis, or at least chemical reaction (7). This argu- 
ment may now be applied to the present situation. Whereas galactose is 
apparently not synthesized to any large extent by the male rat, it is cer- 
tainly not a highly abnormal metabolite. The fact that the rats in the 
present experiment excreted galactose devoid of carbon-bound deuterium 
may therefore be taken as strong evidence against the occurrence of ex- 
change of carbon-bound hydrogens of hexoses in the animal body. It 
gives additional weight to the interpretation of the positive finding of 
deuterium in urinary glucose under various circumstances, and permits, 
with reasonable certainty, the use of the deuterium concentration in urinary 
glucose as a measure of glucose synthesis. 


EXPERIMENTAL 


The diet used consisted of galactose (Smaco) 60 parts, casein (Labeo, 
vitamin-free) 22 parts, yeast powder 6 parts, salt mixture (8) 6 parts, and 
roughage (Celluration) 6 parts. The purity of the galactose was confirmed 
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by measurement of its specific rotation after mutarotation; [a 5 — +80.8°. 

Two white male rats of the Sherman strain were used in each of four 
experiments. The rats weighed 195 to 200 gm. initially and were placed 
on the experimental diet for a few days until approximately constant weight 
was achieved. Diet and drinking water were allowed ad libitum. 

Elevation of the D,O concentration in the body fluids was abruptly 
effected (1) by the subcutaneous injection of 99.5 per cent D,O, 1 cc. per 
100 gm. of body weight, and was maintained by replacement of the drink- 
ing water by 1.5 to 1.85 per cent D,O. Rats were killed 1, 2, 4, and 8 days 
after initiation of D.O administration. Isolations of glycogen were carried 
out by previously described methods (1). 

Urine was collected under toluene and analyzed at frequent intervals for 
reducing sugar. From the pooled urine collected during the period of D,O 
administration, a 25 cc. aliquot, containing 2 gm. of galactose, was con- 
centrated in vacuo to a syrup. The residue was taken up in methanol, 
filtered, and oxidized with I, in methanolic KOH (5). The potassium 
galactonate obtained was condensed with o-phenylenediamine according 
to the procedure of Moore and Link (5) and the benzimidazole derivative 
repeatedly recrystallized from water. 


SUMMARY 


When rats were fed galactose instead of glucose as the sole dietary sugar, 
less glycogen was recovered from their tissues, especially from their livers. 
The rate at which deuterium was incorporated into this glycogen from D,O 
in the body fluid was at least as rapid as when glucose was fed. From the 
maximal isotope concentrations in the glycogen it could be shown that the 
animal can convert galactose into glycogen without labilization of all of 
the carbon-bound hydrogen. 

The galactose excreted in the urine when galactose is fed to male rats 
receiving D,O is essentially free of deuterium. This finding provides con- 
firmation of the non-exchangeable nature of the carbon-bound hydrogen 
of hexose. 
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THE ADSORPTION OF PHOSPHATES BY ENAMEL, DENTIN, 
AND BONE 


I. ADSORPTION TIME STUDIED BY MEANS OF THE RADIOACTIVE 
ISOTOPE* 


By E. GUNNAR JOHANSSON, MARLENE FALKENHEIM, anp 
HAROLD CARPENTER HODGE 
(From the Division of Dental Research and the Department of Biochemistry and Pharma- 
cology, School of Medicine and Dentistry, The University of 
Rochester, Rochester, New York) 


(Received for publication, March 17, 1945) 


Studies of the relative abilities of powdered bone, dentin, and enamel to 
adsorb various ions, e.g. phosphate (1, 2), from aqueous solutions have 
shown that, for short exposures of the powdered tissues to the solutions, 
bone adsorbs more than dentin and dentin adsorbs more than enamel. 
Since the calcified tissues are composed largely of mineral crystals of nearly 
identical composition, the question arose as to whether the physical prop- 
erties, viz. density, control the adsorption of phosphate. 

In prior studies, the powdered hard tissues were exposed to various solu- 
tions for relatively short periods (30 to 60 minutes) ; the periods were chosen 
experimentally by following the rate of adsorption and selecting a time at 
which a “‘plateau’’ of adsorption apparently was reached. An obvious ex- 
tension of these tests was to expose the three tissues to solutions for longer 
periods of time and to observe the relative amounts of phosphate adsorbed 
by the three tissues. Surprisingly, after prolonged exposure there is a 
reversal of the order in which these tissues adsorb phosphate, so that enamel 
adsorbs more than dentin and dentin more than bone. 


Procedure 


Radioactive phosphate (P”) solutions were prepared from red phosphorus 
bombarded in the cyclotron. The phosphorus was dissolved in aqua regia 
and neutralized with sodium carbonate to a pH of 7.0 (1). A0.2 M aqueous 
solution of disodium phosphate was made up and radioactive phosphorus 
was then added so that 25 ml. contained a known radioactivity (about 10,000 
counts per minute) as measured on the Geiger-Miiller scale-of-four 
counter (3). 

The tissue samples consisted of 50 mg. portions of powdered enamel, 
dentin, and bone, respectively, of uniform particle size. The enamel and 


; *This work was supported in part by grants from the Carnegie Corporation of 
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dentin were separated by the Manly-Hodge flotation method (4). The 
organic matter of the bone was extracted with 3 per cent KOH in ethylene 
glycol (5). Each sample (50 mg. of powdered tissue) was stirred with 
25 ml. of radioactive phosphate solution at 40° for various lengths of time 
ranging from 1 to 64 hours. The tests were made up in quadruplicate 
except for the 64 hour experiment which was in duplicate. After stirring, 
the solutions were centrifuged for 10 minutes and decanted. The pre. 
cipitates were washed twice with 20 ml. portions of distilled water for 10 
minutes. After each washing they were again centrifuged and the fluid 
decanted. The precipitates were then dissolved in 2 ml. of 4 n HC], 
diluted suitably with distilled water, and the radioactivity determined, 
Two counters were used during the experiment. In order to have com- 


TABLE I 


Phosphorus Adsorbed by Various Calcium Phosphates from 0.2 m Solution of Sodium 
Phosphate 


Average P picked up per gm. solid (X/M) 
Time stirred He Loved Fe ee Re Ee ee an eee ee ania 


Dene Dentin | Rosell 

hrs. me. mg. re tbe 
61.5 30.2 10.6 

2 65.5 38.9 26.8 
4 71.7 48.2 42.3 
8 75.8 57.1 44.3 
16 77.1 68.2 58.7 
32 | 87.1 68.1 91.6 
2 122.0 136.4 


64 102. : 


parable data, the phosphorus standards and potassium acetate standards 
were checked repeatedly on each counter. 

The rate of rotation and size of the stirring propeller were suspected of 
having some effect on the rate of adsorption. A test of these variables 
indicated, however, that the size of the stirrer had no effect on the rate of 
adsorption and that an increase in the speed of stirring produced only 4 
slight, probably insignificant, increase in the rate of adsorption. In this 
experiment 50 mg. bone samples were stirred with a 0.002 m solution of 
NasHPO, at 40° for 30 minutes. ‘Slow speed” indicates about one-half 
of the “fast speed” in the following tabulation of the mg. of P taken up 
per gm. of bone. 

Slow speed Fast speed 


Large stirrer.... a3 eS, BA Ai Rae 8.65 
Small ee ee Saas ase Ate pdt as cae OS 9.02 
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Results 


Table I shows the amount of phosphorus adsorbed by bone, dentin, and 
enamel, respectively, when each was stirred with a 0.2 m sodium phosphate 
solution at 40° for periods of 1 to 64 hours. Each tissue gave evidence of 
greater adsorption with longer time exposures to the solution. In the earlier 
work (2) a rapid adsorption of marked phosphorus was observed up to 
30 minutes exposure to the solutions and thereafter a semblance of a 
plateau was reached. From the data in Table I it is evident that the 
plateau at 45 to 60 minutes was an artifact and that a fairly rapid adsorp- 
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Fig. 1. Adsorption of radioactive phosphorus by powdered bone, dentin, and 
enamel. The ordinate X/M represents mg. of phosphorus per gm. of tissue. The 
abscissa is the total time exposure of the powdered tissues to the radioactive NazgHPO, 
solutions. Note the reversal of the order in which the three tissues adsorb phosphate. 

Fig. 2. Amounts of radioactive phosphorus adsorbed by samples of bone, dentin, 
andenamel. The ordinate represents the logarithm of the mg. of phosphorus per 
gm. of hard tissue. The abscissa is the exposure time expressed in logarithms. In 
general, there is a straight line relationship between the concentration and the time. 
The slopes for the three tissues are in the order enamel > dentin > bone. 


tion of marked phosphorus occurs in each sample over at least 8 hours 
exposure time. 

After 1 hour the order of the amounts adsorbed was bone > dentin > 
enamel. The values quantitatively confirm those obtained previously (2), 
except that for enamel, which was lower in this 60 minute period than was 
found previously after 30 minutes. At 32 hours the order of the amount 
ofadsorption was altered so that enamel > bone > dentin (Fig. 1). Thus, 
at the longest exposure time, there is a complete reversal of the order of adsorp- 
tion (1, 2) obtained with short exposure times. 
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DISCUSSION | che 
A number of comparable studies with radioactive isotopes as tracers have | oth 
been carried out (2, 6, 7). In each test the three tissues studied have the 
shown the same order of uptake; viz., bone, dentin, enamel. This order I 
seemed to have a plausible explanation based on the order of fundamental cert 
crystal size, which is just the reverse; the smaller the crystals the larger __ diffi 
the effective adsorbing surface (8). Another explanation might be based for : 
on the different densities and porosities of the three tissues. Thus, it may ship 
be assumed that the phosphate solution can penetrate bone (density = 2.0) root 
more rapidly than the dentin (density = 2.1 to 2.3) or the enamel (den- for € 
sity = 2.9 to 3.0). More rapid penetration (bone > dentin > enamel) A 
tissu 
mus' 
120 phos 
on attal 
64 hi 
> the 1 
2 60 P® fi 
s 
40 
oa L. 
‘ neutt 
° 1 2 3 4 5 6 7 8 mark 
(E (TIME INHOURS) expos 
Fia. 3. Relation of the concentration of radioactive phosphorus to the square 2. 
root of the exposure time. The ordinate X/M represents mg. of radioactive phos- follow 
phorus per gm. of powdered tissue. The abscissa is the square root of the exposure Tever: 
time. In general, a straight line relationship is exhibited. The time constants for 
the three tissues are enamel 0.002, dentin 3.5, and bone 123. Th 
, . a Instit 
would provide an explanation for the general rate relations shown in Fig. 1, niga 
and the high densities would make continuing adsorption plausible. 
The order of adsorption after lengthy exposures, viz. enamel > dentin > Th 
bone, cannot be explained on the basis of the crystal sizes or differences in tion of 
densities. The fundamental processes occurring after penetration are un- my 


known; however, they seem to be in some way characteristic of each tissue. 
Thus, in Fig. 2, where the logarithms of the mg. of phosphate adsorbed are 
plotted against the logarithms of the exposure times, each tissue is found to 
exhibit a linear dependence of ‘‘turnover’’ on the logarithm of time. These 
curves show slopes for the three tissues in the order enamel > dentin > 
bone. What controls this long time tendency for enamel to exhibit greater 


quantitative adsorption is a difficult question. The basis may be in the uke 
tc 


where g 
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chemical differences in enamel, dentin, and bone cited by Armstrong and 
others (9, 10); the basis may be some physical characteristic; certainly at 
the present time the causes are hidden. 

King, Cole, and Oppenheimer (11) have evolved an equation! describing 
certain time-concentration curves which they obtain in a study of the 
diffusion of the dye, T-1824, from blood plasma. When applied to our data 
for adsorption times of 1 to 64 hours, their equation gave a linear relation- 
ship between the “‘adsorption” of radioactive phosphate and the square 
root of time (Fig. 3), which indicates that diffusion is the limiting factor 
for each tissue. 

At 64 hours, sufficient radioactive phosphate is present in the powdered 
tissues to require that a large proportion? of the total phosphate present 
must have exchanged (if exchange is the only mechanism by which marked 
phosphorus is taken up by the solid particles). Since equilibria are slowly 
attained in colloidal systems, it seems improbable that the values even after 
64 hours of exposure represent any definable state. It is improbable that 
the uptake of marked phosphorus represents any preferential exchange of 
P® from the solution for P* from the solid. 


SUMMARY 


|. Powdered bone, dentin, and enamel adsorb marked phosphates from 
neutral solutions of sodium acid phosphate at 40°. Increasing amounts of 
marked phosphate are adsorbed by each of these tissues with increasing 
exposure times (at least up to 64 hours). 

2. Up to 16 hours exposure time, the tissues adsorb phosphate in the 
following order, bone > dentin > enamel. This order is found to be 
reversed at 64 hours. 


The authors wish to thank Dr. Robley D. Evans of the Massachusetts 
Institute of Technology for the radioactive phosphorus; Mr. J. F. Bonner 
for assistance in connection with the Geiger counters; and Dr. K. S. Cole, 


'The equation mentioned above isc = eo(1 — V1/T) where c is the concentra- 
tion of radioactive phosphate at time t, co is a concentration constant, and T is the 
time constant of the process. The time constant appears to be some function of the 
diffusion constant. The regression lines given in Fig. 3 were calculated from 


—~ ¢ 
Vi-e, 


where g = (+/tc) — Vixe and h = Xt — Vt-2rvVi. 


*The proportion of total phosphate which must have been exchanged was calcu- 
lated to be 72 per cent for bone, 81 per cent for dentin, and 82 per cent for enamel. 
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Dr. R. W. Brauer, and Mr. J. A. Rafferty for discussions of the mechanism | 
of the phenomena described. The authors acknowledge the assistance of | TE 
Miss Elizabeth Street with the statistical computations. 
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THE LIPIDS OF THE PIG DURING EMBRYONIC DEVELOPMENT 


By WILLIS A. GORTNER* 
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Dentistry, The University of Rochester, Rochester, New York) 


(Received for publication, March 21, 1945) 


The bulk of the literature on embryochemical growth has been devoted 
to changes in the embryonic chick and fish. Unfortunately the unique 
position of the mammalian fetus, the only one not developing in a closed 
system, prevents any generalization of conclusions drawn from observations 
on the eggs of these lower forms of animals. Parallel growth changes are 
infrequent even between different mammalian species, since the placenta 
in one may offer a set of barriers to the passage of a particle which freely 
crosses the placental membranes in another species of mammal. The 
human placenta, for example, interposes three barriers between the fetal 
and maternal bloods, while in the pig no less than six membranes are inter- 
posed between the two circulatory systems. 

The only paper approaching completeness in dealing with the evolution 
of the various lipids in the mammalian fetus is that in which Boyd (5) 
studied the réle of the placenta in the transfer of lipids to the rabbit fetus. 
For the purpose of the present study the pig fetus was selected as offering 
unique possibilities for an analysis of lipid development. Since the pig 
placenta offers a maximum number of barriers to the passage of particles 
from the maternal blood to the fetus, one might expect the fetal pig to 
exhibit a greater ability to synthesize its tissue components than is the 
case with other mammals, such as man and the rabbit. The complexity of 
the placenta in the pig, together with the pooling of fetuses from different 
litters for the various analyses, should reduce the effect of dietary variations 
in the mother. 


Methods of Analysis 


The pig has a gestation period of from 110 to 120 days, or approximately 
4 months (17, 20). During the first 3 weeks, the fetuses are so small 
(15 mm. or less) that it has not been possible to obtain sufficient numbers 
for analysis. The period of most rapid growth rate, i.e. the 2nd and 3rd 
months, has been divided into approximately 5 day periods, the fetuses 
falling within a given age range being pooled until a sufficient number had 
been obtained for analysis; older fetuses were classed into groups with a 
10 day age range. The samples were thus assigned to one of the following 


*Present address, School of Nutrition, Cornell University, Ithaca, New York. 
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groups (the figures representing the crown-rump length of the fetus in mm,): 
16 to 30, 31 to 50, 51 to 60, 61 to 80, 81 to 100, 101 to 110, 111 to 129, 
121 to 140, 141 to 160, 161 to 175, 176 to 190, 191 to 200, 201 to 230, 
231 to 260. Since the length of the pig fetus has been correlated with the 
intrauterine age by various workers (17, 20, 21, 23), it appears safe to con- 
clude that fetuses of the same length are in the same phase of embryonic 
development. 

The specimens were collected within a half hour of the death of the 
mother, and usually showed life as exhibited by the fetal heart beat. The 
uterus was opened, the fetus dissected free from attaching membranes, 
dried with filter paper or gauze pads, and the crown-rump length recorded. 
After an immediate weighing, the abdominal and cranial cavities were 
opened to insure access of solvent to the tissues, and the specimens were 
placed in 95 per cent ethyl alcohol for dehydration and extraction. The 
collections were brought to the laboratory, ground to a fine pulp in a food 
chopper, care being taken to rinse all particles back into the flask with 
additional alcohol, and allowed to stand at room temperature for a minimum 
of 24 hours in an amount of alcohol at least equal to that of the volume of 
pulped tissue. 

The tissue was then exhaustively extracted with alcohol and ether and 
the combined extracts concentrated in vacuo at 40° to a small volume. 
This concentrate was in turn repeatedly extracted with redistilled petroleum 
ether. The clear petroleum ether solution, containing only the lipids, was 
made up to a suitable volume in a volumetric flask, from which aliquots 
were taken for the various analyses. 

The water-alcohol layer remaining after extraction with petroleum ether 
was evaporated to dryness and the caramel-like residue weighed. This 
“tar,” containing proteins, salts, carbohydrates, etc., soluble in the earlier, 
more watery extracts, was present in sufficient amounts to necessitate in- 
cluding it in calculating the ‘‘dry weight”’ of the fetuses. 

The extracted tissue was weighed after removal of the remaining solvent. 
This weight, plus the sum of the weights of the “‘tar’’ and the lipid, gave 
the “dry weight” of the sample from which the per cent of water in the 
fetuses was calculated. 

Most of the various lipid analyses were run in triplicate or quadruplicate 
(occasional determinations were run in duplicate only). Total lipid was 
determined gravimetrically on approximately 50 mg. samples. Free fatty 
acids were determined on these lipid samples by adding 10 ml. of hot, 
neutral 95 per cent alcohol and titrating with standard 0.05 n NaOH toan 
a-naphtholphthalein end-point. The calculations for free fatty acids were 
made on the assumption (upheld by iodine number and molecular weight 
determinations) of a mean molecular weight equal to that of oleic acid 


(mol. wt. 282.3). 
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Unsaponifiable lipids were determined gravimetrically on 50 mg. samples 
according to the procedure recommended by Kelsey (16). 

The total and free cholesterol fractions were determined by the methed 
of Kelsey (15). 

Phospholipid: were determined by three methods, each focusing itself on 
either a different part of the phospholipid molecule, viz. the phosphorus (18) 
or the fatty acids (2), or on the intact molecule (3). The comparative data 
for the three methods have been previously reported (9). The averages of 
the values obtained by the three methods have been used in the present 


paper. 
Iodine numbers were determined on the total and phospholipid fatty 


_ acids by the method of Yasuda (25). 


DISCUSSION 


The results of the analysis of twenty-six groups of pig fetuses, representing 


| 438 fetuses from 66 litters, and ranging from 17 to 254 mm. in length, are 


presented in Tables I and II. 

Water—The water content of the fetuses at different developmental 
stages shows a decided downward trend throughout the gestation period, 
the most rapid changes occurring before the 5 mm. and after the 200 mm. 
stages. Wilkerson and Gortner (24) have correlated the changes in the 
water content of the pig fetus with anatomical differentiation in the fetal 
kidneys. These authors secured data indicating a rapid fall in water con- 
tent at the 15 mm. stage, at which level it remained constant until the fetus 
reached a length of 160mm. The values reported here show a more gradual 
initial fall, and give no indication of an equilibrium in water content be- 


| tween the 15 and 160 mm. stages; instead, they show a small but steady 


drop in the per cent of water during this period. 

Total Lipid—The lipid fraction remains constant during a considerable 
part of the gestation period. Calculated in terms of the entire fetal weight, 
the lipid content remains at slightly over 1 per cent until the last month of 
etal life, at which time it rises slightly to a value of 1.4 per cent near term. 
This behavior of the lipid is in striking contrast to that observed in other 
mammals. The fetuses of rabbits (5, 8), dogs (19), and man (8, 14) exhibit 
isharp rise of 300 to 800 per cent in the lipid content during the latter part 
ii the gestation period. 

Of interest is the close parallelism of the nitrogen and lipid contents of 
the pig fetus. Wilkerson and Gortner (24) found the protein nitrogen to 
beconstant after the 50 mm. stage; on a dry weight basis, total lipids remain 
at a constant level after the 60 mm. stage, indicative of a fairly rigid ratio 
of these substances in developing tissues. 

Free Fatty Acids—The data for free fatty acids in developing pig fetuses 
48 presented in Table II indicate that unesterified fatty acids are present 
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in considerable amounts, especially in the earlier periods of prenatal life, 
The very definite trend in the free fatty acid content during embryonic 
development, together with the precautions followed to avoid autolysis, 


TaBLeE I 
Changes in Size and Water Content of Pig during Embryonic Development 





Estimated 














— Jang od No. of fetuses No. of litters ae Water content 
mm. days gm. per cent 
17 25 71 | \ 0.38 | 926 
21 27 30 4 0.71 | 91.2 
22 28 | 35 4 0.92 | 91.2 
23 28 50 7 0.88 91.3 
28 32 18 | 3 1.91 | 91.4 
29 32 52 8 2.07 | f.0 
34 34 13 1 3.19 | 90.8 
38 36 | 38 6 | 4.44 91.2 
39 37 33 4 5.08 | 90.7 
55* 42 2 | 1 / 12 | 90.1 
56 | 42 20 | 2 | 11.0 | 80.8 
65* | 45 | 3 | 1 13.9 | 90.0 
66 | 45 | 6 1 16.0 89.7 
72 | zi ee 2 | 222 | 80.7 
85 51 Brie 1 30.2 89.0 
95 55 | 8 1 | 41.5 89.8 

103 st 5 1 | 54.4 89.5 
105 58 6 2 64.4 88.8 
107 59 | 8 l | 60.8 89.5 
a ae, 6 1 | 65.1 88.5 
118 62 | 3 1 | 80.2 89.2 
135 68 | 5 2 114.7 88.8 
187 | 84 | 2 2 | 302.0 88.4 
189 | 85 2 l | 321.2 88.4 
196 | sy. 2 1 402.0 | 88.5 
254 105 | 1 | l 779.0 | 8.3 
* Samples from the same litter. 


minimize the possibility that these acids are artifacts arising from the 
decomposition of some other lipid. 

The presence of considerable amounts of fatty acids in unesterified form 
in the very small fetuses' suggests the possibility that certain enzymes ass0- 


| It is interesting to note the similarity in trends for free fatty acids and for basic 
nitrogen in terms of tissue solids. The basic nitrogen falls rapidly until the 40 to 
50 mm. stage, after which it remains relatively constant (24). It is impossible to say 
whether the similar behavior of these two groups of compounds is other than coinel- 
dental. That the free fatty acids are in some way associated with the basic nitro- 
genous substances, however, seems probable. The existence of free fatty acids a8 
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ciated with lipid metabolism are absent (or of very low potency) in the 
young fetuses, and are formed (or assume function) at about the 25 mm. 
stage. 
TaBe II 
Lipids of Pig at Various Stages of Embryonic Development 
The concentrations of the lipid fractions are expressed as per cent of the dry 
weight of the fetus 
































| . | ly Cholesterol lodine No.3 

Average — | ree nsaponi- 

sss, | Hoe | ag Ta |e || “ade” | tout | Pach 

| | | Total | ree oat fatty 

mm. | 

17 15.9 2.42 8.12 2.95 1.67 | 1.45 2.2 96 86 
21 15.7 2.36 7.80 2.14 | 2.07 113 79 
22 10.8 1.25 6.50 2.63 1.77 | 1.46 0.3 77 87 
23 13.2 1.60 7.68 3.12 1.85 | 1.46 0.5 77 68 
28 11.1 1.98 6.72 2.35 1.72 | 1.57 0.0 85 82 
29 11.3 1.10 7.36 2.15 1.60 | 1.32 0.5 84 83 
34 11.6 1.35 7.21 2.60 1.54 | 1.17 0.2 72 71 
38 12.4 1.16 7.61 2.24 1.41 | 1.33 1.3 110 97 
39 11.5 1.27 7.35 2.35 1.55 | 1.34 0.4 84 69 
55§ 10.7 1.18 6.33 2.37 1.40 | 1.21 0.7 57 42 
56 10.8 1.07 7.05 2.22 1.48 | 1.29 0.3 76 71 
65§ 8.9 1.16 5.47 2.11 1.49 | 1.36 0.0 76 76 
66 11.1 1.29 6.68 2.29 1.26 | 1.23 0.8 77 95 
72 9.2 0.92 5.86 1.80 1.30 | 1.08 0.5 83 93 
85 9.3 0.98 5.68 1.97 1.22} 1.18 0.7 87 114 
95 10.1 1.02 6.16 1.83 1.19 | 0.94 0.9 74 59 
103 9.1 0.95 5.85 1.68 1.22 | 1.00 0.5 73 71 
105 9.5 1.08 5.39 1.79 1.20 | 1.08 1.1 78 102 
107 10.4 1.33 6.51 1.86 1.33 | 1.10 0.5 74 85 
114 9.0 1.02 5.18 1.56 1.11 | 1.05 1.2 60 64 
118 8.7 1.06 5.03 1.83 1.12 | 1.03 0.7 68 78 
135 9.6 0.77 5.41 1.65 1.20 | 1.00 1.7 97 93 
187 9.6 0.77 4.90 1.70 1.16 | 0.96 2.1 75 76 
189 9.1 0.78 | 4.67 1.61 1.21 | 0.97 1.9 79 86 
196 8.8 0.68 | 4.25 1.52 1.05 | 1.03 2.3 124 115 
254 9.5 0.65 4.08 1.37 1.05 | 0.93 3.3 89 82 











* Average of three methods of determination (cf. (9)). 
t By difference. 

t Based on oxidation values for the fatty acid solutions. 
§Samples from the same litter. 


Phospholipids—The average values for phospholipids, when calculated 
48 per cent of the wet weight of the fetus, show little change at any time 








salt complexes with basic amino acids seems more logical than the presence of un- 
combined fatty acids as such in the tissues. 
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during the gestation period. This is quite different from the trend in the 
fetal rabbit (5), in which the concentration of phospholipids increased 
throughout pregnancy, a 5-fold increase being effected during the period 
studied. Calculated on either a wet or dry weight basis, the phospholipids 
of the fetal pig are at a maximum during the early stages of intrauterine 
development. 

Unsaponifiable Lipids—The total unsaponifiable matter, as determined 
gravimetrically, was found to contain variable amounts of digitonin- 
precipitable sterols (55 to 76 per cent, calculated as cholesterol). In general 
the trend is toward a higher ratio of sterol to non-sterol unsaponifiable 
lipids as the fetus becomes more developed. 

Expressed as per cent of the dry weight of the fetus, the values for un- 
saponifiable lipid decrease during the developmental period to less than half 
the original value, falling on a smooth curve which shows the change to be 
more rapid during the early stages of embryonic growth. 

The cholesterol, as one of the constituents of the unsaponifiable material, 
exhibits a similar trend. The total and free cholesterol contents parallel, at 
lower levels, the changes in unsaponifiable matter. The bound cholesterol, 
while distributing itself over a fairly wide range of values, shows no change 
during fetal growth. While the latter is entirely in agreement with the 
findings of Boyd (5) on rabbit fetuses, the trend for free cholesterol is quite 
different. In the pig, little change is evident in the free cholesterol content 
of the moist fetal tissues during intrauterine development. In the rabbit 
fetus, however, the free cholesterol doubles in concentration during em- 
bryonic growth, increasing particularly in the early and in the very late 
stages. This again emphasizes the difficulty of generalizing in interpreting 
data on fetal composition without due regard to the type of placenta linking 
the fetus to the mother. 

At no time does there appear to be any appreciable demand or tendency 
for cholesterol to appear in ester form, an average of only 1 out of every 8 
cholesterol molecules being in the bound fraction. In general, only small 
amounts of cholesterol esters are found in active tissues, the content varying 
inversely with the physiological activity of the organ (4, 12, 22). The low 
ester cholesterol values? in the actively growing fetuses are in harmony 
with these findings. 

Neutral Fat—‘‘Glycerides” were determined by difference, being that 
portion of the total lipid not accounted for as phospholipid, free fatty acid, 
unsaponifiable lipid substance, or cholesterol ester fatty acid.’ Since 


2 Hanes (10) notes that, while the liver of the fetal dog contains large amounts of 
“anisotropic lipoid substance’’ (cholesterol esters), he was unable to find such sub- 
stances in the liver of the pig fetus in any of the stages of development. 

3 Fatty acids combined as cholesterol esters were assumed to have a molecular 


weight of 283. 


nea 
par 
con 
am 
full 

I 


of tl 
the 


or |e 
men 
cent 
cent 
emb 
lent 

mole 
(90 


those 
pholi 
glyce 
iodin 
the p 
fatty 
the b 
of th 
(11) 4 
as the 


‘M 
sample 


W. A. GORTNER 141 


certain assumptions as well as analytical errors are necessarily made in 
calculating the amounts in each of these four fractions, the data for the 
glycerides cannot be considered other than as relative values. The scat- 
tering of the data is undoubtedly greater than the true fluctuations of the 
neutral fat; the trend, however, is readily apparent. 

The glycerides remain at a very low level until approximately the middle 
of the gestation period. After the 100 mm. stage is reached, the glycerides 
jncrease steadily. This increase in neutral fat during the last half of the 
gestation period is attained more gradually than the huge increase found 
in the fetal rabbit (5), and the absolute values are far lower in the pig, 
which shows less than half as much infiltrated fat as is found in the rabbit 
near term. In the rabbit, the curve for neutral fat has leveled off before 
parturition; in the pig, the peak has not been attained at term. This is 
confirmation of the observation of Engel and Bode (7) that pig fetuses have 
a minimum enrichment of fat stores before parturition, in contrast to the 
full depots of the rabbit (5) and man (8). 

Iodine Numbers of Fatty Acids—In Table II are listed the values for 
iodine numbers of the total and phospholipid fatty acids. The majority 
of the values for both fractions lie between an iodine number of 60 and 110, 
the average value for both the total and the phospholipid fatty acids being 
82. In neither case is there any indication of a shift toward either a greater 
or lesser degree of unsaturation during progressive stages of fetal develop- 
ment, despite the fact that the total fatty acid fraction is made up of 70 per 
cent phospholipid and 25 per cent free fatty acids at one stage, and 45 per 
cent phospholipid and 45 per cent glyceride fatty acids at another stage of 
embryonic growth. The fatty acids have an average unsaturation equiva- 
lent to one double bond; the average analyses (iodine number 82 + 3.1, 
molecular weight 283 + 2.7‘) compare closely with the values for oleic acid 
(90 and 282, respectively). 

The iodine numbers of the fatty acids in the fetus differ appreciably from 
those found in adult tissue. In general the fatty acids bound to phos- 
pholipids in adult tissue are considerably less saturated than those on the 
glyceride molecules; the phospholipid fatty acids of the fetal pig have an 
iodine number similar to the fatty acids on the other lipid components. In 
the present study, an average iodine number of over 80 for the glyceride 
fatty acids is indicated, a value well above the reported average of 63 for 
the back fat of the sow (1, 13), which is representative of the entire body fat 
of the pig (6). This is in line with the observation of Hankins and Ellis 
(11) that the body fat of immature hogs is usually soft, becoming firmer 
as they approach maturity. 


‘Mean (+ standard error) of triplicate titrations of the fatty acids of ten lipid 
samples. 








142 FETAL LIPIDS 


SUMMARY 


The lipid fractions of 438 fetuses, representing 66 litters and covering 
70 per cent of the gestation period of the pig, have been investigated. 

The water content of the pig fetus exhibits two rapid falls during growth, 
a phenomenon previously correlated with changes in the fetal kidneys, 

The total lipid and the lipid to protein ratio remain constant for a large 
part of the embryonic growth period. 

Evidence is presented that a considerable portion of the non-phospholipid 
fatty acids, often considered ‘‘neutral fat,” is actually present in un- 
esterified (free) form. 

On a dry weight basis, the phospholipid content is at a maximum in the 
very young fetus, which has twice as much of this lipid as does the fetus 
at term. The phospholipid fatty acids, in common with the other acid 
fractions, have an average iodine number of 82. 

The unsaponifiable lipids in the dry solids progressively decrease in their 
percentage content during embryonic growth, the total and free cholesterol 
fractions roughly paralleling this fall. At no time is there any notable 
tendency for cholesterol to appear in ester form. 

The fetal glycerides gradually increase beginning about the middle of the 
gestation period, but even at term they account for only a minor part of 
the total lipid substance. 

Considerable differences exist in the development of the lipids in the fetal 
pig in comparison with the fetal rabbit. 
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THE UTILIZATION OF CHOLINE ANALOGUES BY 
CHOLINELESS MUTANTS OF NEUROSPORA 
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In a previous report (1) a choline-requiring mutant of Neurospora crassa 
has been described. It was shown that the mutant fails to grow on an 
unsupplemented basal medium but grows normally (7.e., at the wild type 
rate) when choline is supplied. Lecithin is also active in promoting 
gowth; the slight activity of methionine was interpreted as a sparing 
action on choline. A number of other compounds, structurally related to 
choline, including betaine and aminoethanol, were found to be inactive. 
In a note recently published Jukes and Dornbush (2) have shown that 
dimethylaminoethanol is active for this mutant, in agreement with the 
results reported below. 

Recently a new cholineless strain differing genetically from the original 
one was obtained from a culture of wild type Neurospora crassa irradiated 
with ultraviolet light. On the basis of the conclusion drawn from previous 
studies that a one-to-one relation exists between genes and biochemical 
reactions (3), it is to be expected that these mutants differ biochemically 
as well as genetically. An examination of the structural specificity of 
choline in promoting the growth of the two mutants was therefore under- 
taken as part of a general investigation into the biochemistry of the strains. 


EXPERIMENTAL 


Mutant Strains—Four independent occurrences of the cholineless char- 
acter have been obtained from irradiated Neurospora; viz., strains 34486, 
34542, 37903, and 47904. Genetic tests which show that strain 34486 
differs from the wild type by a single gene have been reported (1). The 
results of outcrosses involving the other three mutants indicate that in 
these strains also the cholineless character is associated with a single gene 
change. However, the results obtained by crossing the four mutant types 
among themselves show that strains 34486, 34542, and 37903 carry muta- 
tions of the same gene, while the mutation in strain 47904 affects a differ- 
entgene. All asci (twenty from each cross) obtained from crosses of strain 
34542 to strains 34486 and 37903 contained only cholineless spores, indi- 
tating that these genes are probably allelic. On the other hand, crosses of 
strain 47904 to strains 34486 and 34542 gave rise to asci containing both 
wild type and double mutant spores. The double mutant nature of the 
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latter was established by recovering the original monogenic strains from 
outcrosses of the double mutants to the wild type. These results prove 
that two different cholineless genes entered each cross. 

The experiments reported in this paper were carried out with strains 
34486 and 47904. The former is designated cholineless-1 and the latter 
cholineless-2. 

Compounds—We are indebted to Dr. H. J. Almquist for a sample of 
arsenocholine chloride originally prepared by Dr. A. D. Welch, to Dr. A, D. 
Welch for a sample of calcium phosphorylcholine chloride, and to Dr, 
Vincent du Vigneaud for samples of triethylcholine chloride and dimethyl. 
ethylhydroxyethylammonium chloride. 

Neurine bromide was prepared by the treatment of choline chloride 
with bromine to give bromocholine bromide (4), and this compound was 
in turn converted to neurine bromide according to the method of Renshaw 
and Ware (5). 

Monomethylaminoethanol was prepared from ethylene oxide and aque- 
ous methylamine according to the method of Knorr and Matthes (6). 

Dimethylaminoethanol was prepared by adding ethylene oxide to 25 
per cent aqueous dimethylamine in the cold as described by Knorr and 
Matthes (7). The resulting mixture was fractionally distilled, the fraction 
boiling between 130-140° being retained. This fraction is principally 
dimethylaminoethanol but does contain approximately 2 per cent water (7). 
The chloroaurate was prepared and had a melting point of 197°, in agree- 
ment with that given by Knorr (8). Analysis showed the following. 

C,H,,NO-HCI-AuCl;. Caleulated. C 11.18, H 2.79, Au 45.97 
Found. “11.17, ‘* 2.84, ‘* 46.04 


Diethylmethylhydroxyethylammonium chloride was prepared by con- 
densing diethylaminoethanol with methyl iodide (9) in dry ether in the 
cold. Diethylmethylhydroxyethylammonium iodide precipitated over- 
night in the refrigerator and was purified by dissolving in ethanol and 
crystallizing by the addition of ether. The iodide was replaced with chlo- 
ride by treatment with silver chloride. Analysis of the crystalline reineck- 
ate gave the following. 

C;H,;sNO-Cr(NH3;)2(SCN),. Caleulated. C 29.33, H 5.33, N 21.78 
Found. ** 29.15, “‘ 5.30, ‘‘ 21.84 


Growth Studies—The results found by growing the mutants in liquid 
culture are summarized in Table I. In these experiments the dry weight 
attained by the mold grown in the presence of various concentrations of 
each test substance was measured. The cultures were incubated at 25° 
for 72 hours in the medium previously described (1). A curve relating 
growth rate to concentration was obtained for each analogue, but only 
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optimum concentrations are shown here, together with the maximum 
growth rate attained on each compound. 

It was found that cholineless-2 responds to much lower concentrations of 
most of the active compounds tested than does cholineless-1. The con- 
centration of choline required to produce normal growth of the former 
strain is only 0.1 to 0.2 that required by the latter. The explanation of 
this difference appears to rest on the fact that cholineless-2 is not completely 
deficient in the ability to synthesize choline when grown in liquid culture. 
In contrast to cholineless-1, which produces only negligible growth in un- 
supplemented media, cholineless-2 produces 5 to 15 mg. of dry weight in 
72 hours, or up to 20 per cent of the dry weight attained on an optimum 
concentration of choline. When incubated for longer than 72 hours, 
cholineless-2 continues to grow at a subnormal rate in the unsupplemented 
medium until the nutrients are exhausted. It seems clear from this find- 
ing that, although the choline-synthesizing mechanism is seriously impaired 
in this mutant, it is not entirely lacking. As a result, the requirement of 
this strain for exogenous supplies of choline or choline analogue is not so 
great as is that of cholineless-1, in which choline synthesis is completely 
blocked. 

In the light of the above findings the difference in the ability of the two 
mutants to utilize monomethylaminoethanol is especially noteworthy. 
Cholineless-2 shows a marked deficiency in the ability to utilize this ana- 
logue. Compared with cholineless-1 its requirement is higher, and the 
maximum growth rate attained is considerably less than normal. 

In the course of the genetic investigation of the mutants it was observed 
that, except for an initial germination stage, cholineless-2 fails to grow on 
an unsupplemented agar medium, even after 7 days incubation. This is 
in marked contrast to the slow, but continuous, growth produced in liquid 
culture. The explanation of this behavior is not known. However, sev- 
eral other instances are known in which the ability of Neurospora mutants 
to synthesize specific growth factors depends on the culture conditions. 
Published examples are the pH-dependent pyridoxineless strain 299 (10) 
and arginineless strain 33442 (11) and the temperature-dependent adenine- 
less strain 44206 (3). 

In view of the above finding it was of interest to retest the analogues on a 
solid medium. This was done by means of the Petri plate method de- 
scribed by Thompson, Isbell, and Mitchell (12). Petri plates containing 
the same basal medium as is used in liquid culture plus 2.5 per cent agar 
were inoculated with agar plugs containing a suspension of germinated 
spores. The rate of linear growth of the mold over the agar plate was 
determined by measuring the diameter of the circle formed by the grow- 
ing mycelium after 18 hours at 25°. In accordance with a suggestion by 
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Dr. H. K. Mitchell, the original procedure was modified by omitting the auto. 
claving of the agar plates prior to inoculation. The growth of Neurospora 
is so rapid and the incubation time is so short that no interference from 
contaminating organisms need be feared. 


TABLE I 


Activity of Various Compounds in Promoting Growth of Cholineless 
Mutants in Liquid Culture 


Optimum concentration* Maximum 
responset 
Compound 7 * — a 


call a’ Strai 
Strain 34486 Strain 47904 train) Strain 


34486 | 47904 
|x per ml. | melee A6s |v per mle) arse toe | deme | fe 
Choline 1.0 8.25 0.2 1.65 | 100 | 100 
Acetylcholine chloride | 6.0 33.0 3.0 16.5 | 100 | 10 
Arsenocholine  “ | 1.65 8.25 | 0.44 2.20 | 100 | 100 
Ca phosphorylcholine chloride | 8.0 31.0 3.0 11.6 | 100 | 100 
Dimethylaminoethanol. .. 48 | 13.4 1.2 13.4 | 100 | 10 
Monomethylaminoethanol | 4.0 | 53.2 10 133 100 | 75 
Dimethylethylhydroxyethylam- 
monium chloride | 4.0 | 26.0 2.0 13.0 | 100 | 10 
Diethy!methylhydroxyethylam- | 
monium chloride. rape wks . 120 | 716 80 477 100 | 
Triethylcholine chloride 1240 1320 80 440 61 | 73 
dl-Methionine...... , ..| 60 | 402 6.0 40.2 25 | 79 
Betaine om , 0; 0 
Creatine 0!| 0 
Ethanolamine 0; 0 
Sarcosine Mikbndbats 0; 0 
Neurine bromide.............. ', 0; 0 
Diethylaminoethanol.... 0; 0 
Dimethylamine ss ) 0 
Trimethylamine 0; 0 
| 0 


Tetramethylammonium chloride | O 


* Optimum concentration is the lowest concenfration of the test substance above 
which little or no further increase of growth rate is obtained. 

+ Maximum response is the growth rate attained at the optimum concentration, 
expressed as a percentage of that attained on choline. 


The results are summarized in Table II. When grown on agar, choline- 
less-2 is found to require more choline for maximum growth than choline- 
less-1. This is referable to the difference of growth habit of the strains 
on solid medium. The mat formed by cholineless-2 is denser, with col 
siderably more aerial growth, than that formed by cholineless-1. Conse 

uently, for equal surface areas covered cholineless-2 produces more mass 
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than does cholineless-1, and its apparent choline requirement is therefore 
higher. 

In agreement with the findings obtained in liquid culture, the mutants 
show a significant difference in their ability to utilize rare priunl 
ethanol when cultured on solid medium. In addition, cholineless-2 shows 


TABLE II 


Activity of Various Compounds in Promoting Growth of Cholineless Mutants on 
Solid Medium 





Optimum concentration pm 
Compound F es a . niinaseualaiiaieaiaes 
Strain 34486 Strain 47904 Strain | 908 
¥y per ml. moles per ml. per ml. — ‘9° ml. | ver ‘ial per cent 
Choline. ... | o4 |! 3.0] 1.2 9.90 | 100 10 
Acetylcholine chloride 2.0 11.0 | 4.0 22.0 97 
Arsenocholine 6 0.8 | 4.00 a 10.0 | Q] l > 
Ca phosphorylcholine 
chloride....... 80 | =(310 | 60 | 233 | 84 | 89 
Dimethylaminoethanol... . | 0.8 | 8.96 | 1.6 | 17.9 | 99 | 61 
Monomethylaminoethanol.| 6.0 79.8 | 20 266 | 93 | 50 
Dimethylethylhydroxy- | 
ethylammonium chlo- 
ride....... | 30! 195 | 8.0 | 52.0 | 88 | 100 
Diethylmethylhydroxy- 
ethylammonium chlo- 
ride... 100 | 597 160 955 | 85 82 
Triethylcholine c hloride |>200* >1100 |>200 >1100 \>80 |>47 
dl-Methionine. .. 12 80.5 | 20 134 | 32 54 
Betaine | 0 0 
Creatine | O 0 
Ethanolamine. . 0 | 0 
Sarcosine 0} O 
Neurine bromide... | 0 0 
Diethylaminoethanol 0 0 
Dimethylamine 0 | 0 
Trimethylamine...... 0; O 
Tetramethylammonium 
chloride. ....... | oO | 0 





? Highest concentration tested. 


a deficiency in the utilization of dimethylaminoethanol. On neither com- 
pound does this mutant attain the normal growth rate, although cholineless- 
Idoes. If the utilization of dimethylaminoethanol involves its conversion 
to choline by the addition of a methyl group (13, 14), the results suggest 
that the cultural conditions (liquid versus solid) affect in some way the 
ability of cholineless-2 to bring about this methylation. 
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DISCUSSION sub 

The present experiments show that an inherent difference exists between 94 

the two cholineless mutants of Neurospora in their ability to utilize mono. A 

methylaminoethanol and dimethylaminoethanol. The results suggest that oY 

the gene-controlled deficiency ia cholineless-2 may be concerned with the {or 
methylation of a mono- or dimethylated precursor of choline, while that in 

cholineless-1 blocks a prior step in the synthesis. The inability of choline. T 
less-2 to utilize mono- and dimethylaminoethanol is relative, not absolute 
as might be expected on the above interpretation. It is possible, how- 





ever, that these compounds have a certain amount of intrinsic choline-like T 
anal 
Tase III acti 
Activity of Choline and Some of Its Analogues for Rat, Chick, and Neurospora phot 
Unless otherwise indicated, data for the rat and chick are taken from the sum- ylet! 
mary of Moyer and du Vigneaud (9). +, active; —, inactive; +, less than 10 per mon 
cent as active as choline. The figures in parentheses represent bibliographic ref- are 
erence numbers. ‘ 
aaah a = a a er amu 
Rat Chick | News | tet 
| spra o| , 
Compound OS ome ATE - | = th 
homocystine | tame | Growth | prevention | Gromth | —¥ 
Choline | + + £ + | « | 
Arsenocholine _ + + | + zZ 
Dimethylaminoethanol — (13) + (14)} + (14) + 1. F 
Monomethylaminoethanol — (13) + 2. J 
Dimethylethylhydroxyethylam- | 3. E 
monium chloride........ + + 4. 4. + 
Diethylmethylhydroxyethylam- | 4.§ 
monium chloride ..... | = a - | + | + 5. Fi 
Triethylcholine.... ; = | + - - i. 6. I 
Betaine ;} + Lp . | —- ee | 7K 
Methionine..... ; + _ - | + 8. K 
canlilhinscdicedladenres - ; Seiden — 9. N 
10. § 
activity for Neurospora. It is of interest to note that the addition of ethyl , > - 
; 2 


groups to mono- and dimethylaminoethanol, giving the diethylmethyl and 
dimethylethyl analogues of choline, respectively, lowers the activity in 8. d 
terms of the optimum concentration for the mutants, but increases the | wy 
activity in terms of maximum response by cholineless-2. 

In studies now in progress it has been found that during growth in liquid 
cholineless-2 accumulates an unknown substance which is active for choline- 
less-1 and, to a lesser extent, for itself. Growth curves obtained with | 
choline-free concentrates of the factor resemble those given by monomethyl | 
aminoethanol. Preliminary tests indicate that it is not identical with this 
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substance, however. Further characterization of the factor will have to 
await its isolation. 

A number of interesting comparisons can be made between the activity 
of various analogues for the rat, chick, and Neurospora. These are shown 
for a number of selected compounds in Table III. 


This work was supported by a grant from the Rockefeller Foundation. 


SUMMARY 


The response of two choline-requiring mutants of Neurospora to some 
analogues of choline was measured. The following compounds show some 
activity for both mutants: choline, acetylcholine, arsenocholine, phos- 
phorylcholine, dimethylaminoethanol, monomethylaminoethanol, dimeth- 
ylethylhydroxyethylammonium chloride, diethylmethylhydroxyethylam- 
monium chloride, triethylcholine, and methionine. The following compounds 
are inactive for both mutants: betaine, creatine, sarcosine, ethanol- 
amine, neurine, diethylaminoethanol, dimethylamine, trimethylamine, and 
tetramethylammonium chloride. The mutants show significant differences 
in their ability to utilize mono- and dimethylaminoethanol. The implica- 
tions of this finding for the possible nature of the gene-controlled reactions 
is discussed. 
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THE MECHANISM OF CARBON DIOXIDE FIXATION BY CELL- 
FREE EXTRACTS OF PIGEON LIVER: DISTRIBUTION OF 
LABELED CARBON DIOXIDE IN THE PRODUCTS* 


By HARLAND G. WOOD 
(From the Department of Physiology, University of Minnesota Medical School, 
Minneapolis) 
AND 
BIRGIT VENNESLAND anp E. A. EVANS, Jr. 
(From the Department of Biochemistry of the University of Chicago, Chicago) 


(Received for publication, March 22, 1945) 


Cell-free pigeon liver extracts have been shown to catalyze a rapid fixa- 
tion of C"O, when incubated with pyruvate and fumarate as substrates (1). 
The net chemical change during the reaction consists of a conversion of 

| fumarate to lactate and CO,. The original pyruvate concentration re- 
mains unchanged, but very little C"O, is fixed if pyruvate is omitted from 
the incubation mixture. 

The available data indicated that fixation occurred as a result of the 

| reversibility of the enzymic reactions:' 
a) CO; + CH;-CO-COOH = COOH-CH,-CO-COOH 
(2) COOH-CH:CH-COOH + H,O = COOH-CH,-CHOH-COOH 


(3) COOH-CH,-CHOH-COOH + CH;-CO-COOH = 
COOH -CH,-CO-COOH + CH;-CHOH-COOH 
The reversibility of Reaction 2 can readily be demonstrated, and the 
reversibility of Reaction 3 is in complete accord with our knowledge of the 
behavior of such oxidation-reduction systems. Reaction 1 could only be 
demonstrated to occur in the direction of decarboxylation, as would be 
expected from the energy relations involved (3). Direct evidence of its 
reversibility, z.e., of the formation of oxalacetate from pyruvate and CO, 
| in pigeon liver, is lacking. 
This paper presents evidence in favor of the proposed mechanism of 
fixation by proving that the fixed CO, is located in the carboxyl groups of 


* That portion of the work reported in this paper carried out in the Department of 
Biochemistry, University of Chicago, was aided in part by grants from the John and 
Mary R. Markle Foundation and from the Dr. Wallace C. and Clara A. Abbott Memo- 
rial Fund. 

'The possibility of a fourth, non-enzymic reaction, C'\-OOH-CH:COH-COOH = 
©"O00H-COH:CH-COOH, has been excluded by the results of Krampitz et al. (2), 
who have demonstrated that excess C' in one carboxyl group of oxalacetate does not 
become spontaneously distributed in both carboxy] groups of the acid. 
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the acids present in the incubation mixture (lactic, pyruvic, malic, fumarie), 
as was previously surmised. On the other hand, attempts to demonstrate 
a reversal of the decarboxylation of oxalacetate by fixation of labeled carbon 
in the 8-carboxyl group of oxalacetate indicated that such an exchange 
reaction is apparently too slow to function as the initial reaction in the 
rapid fixation of CO; which occurs in the presence of pyruvate and 
fumarate. 


Methods 


Dialyzed extracts of pigeon liver acetone powder were used in all experi- 
ments. The preparation of the enzyme, the methods of quantitative de. 
termination of the products, and the conditions used in conducting the 
reaction were the same as described by Evans, Vennesland, and Slotin 
(1), except that the method of Lehmann (4) was used for determination of 
lactate. NaHCO; was used instead of NaHC™Q; in the reaction mixture, 

Separation and degradation of the products were accomplished by a 
modified form of the procedure described by Wood, Werkman, Hemingway, 
and Nier (5). The pyruvic acid was bound by bisulfite and the malic, 
fumaric, and lactic acids were separated from the pyruvic acid by extraction 
with ethyl ether. After removal of the bisulfite the pyruvic acid was r- 
covered by ether extraction. The carboxyl group of pyruvate was then 
liberated by ceric sulfate oxidation (6). 

The malic and fumaric acids were separated from the lactic acid by 
precipitation as the silver salts. The lactic acid was oxidized with per 
manganate to CO, and acetaldehyde. Malate and fumarate were separated 
from each other by virtue of the difference in their rates of extraction with 
ethyl ether and were then oxidized by permanganate. 

A simpler procedure was used in Experiment II, Table I, no attempt being 
made to separate pyruvate from lactate, or malate from fumarate. The 
acid reaction products were extracted with ethyl ether and the malate 
and fumarate separated from the pyruvate and lactate by precipitation of 
the former as silver salts. Both fractions were then oxidized with per 
manganate in acid solution to CO, and acetaldehyde. The CO, originates 
from the carboxy! groups of all the acids present, while the acetaldehyde 
is derived from the a- and 8-carbon atoms of lactic acid in the one fraction 
and from the a- and §-carbon atoms of malic acid in the second fraction. 
The exchange reactions with oxalacetate and CO, were carried out in 4 
manner similar to that described by Krampitz, Wood, and Werkman (2) 
for the bacterial preparation. The dialyzed pigeon enzyme extract wa 
activated with MnCl, and pyruvate was added to increase the rate of the 
carboxylation. When half the oxalacetate had disappeared the reaction 
mixture was deproteinized with one-third its volume of 10 per cent met& 
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phosphoric acid. The precipitate was removed by centrifugation and 
the supernatant diluted with water to 30 ml. This is necessary in order 
to prevent the precipitation of aniline by the metaphosphoriec acid. The 
C80, was removed by flushing for 15 minutes with a rapid current of CO, 
drawn through a sintered glass disk. The CO, left in solution was aerated 
into alkali with CO,-free air, and analyzed for heavy carbon to ascertain 
the efficiency with which the removal of CO, had been accomplished. 
The oxalacetate was then decarboxylated with aniline citrate and the CO, 
representing the 6-carboxyl group was collected in alkali. 


Resulis 


The results of the degradation studies prove conclusively that during 
incubation of pigeon liver extracts with pyruvate and fumarate all of the 
heavy carbon fixed is located in the carboxyl groups of the organic acids 
present in the reaction mixture. Table I summarizes the quantity of 
products found at the end of the reaction, the per cent excess C® found in 
the various fractions, the per cent recovery of the total added C™, and the 
per cent distribution of the total fixed C*. In Experiment I the excess of 
C" was the same, within experimental error, in the carboxyl groups of 
lactate and pyruvate. The isotope content of the carboxyl groups of 
malate and fumarate was likewise the same although the dicarboxylic acids 
contained more C™ than the monocarboxylic acids. In Experiment II 
the mono- and dicarboxylic acids contained the same per cent of excess 
C®, 0.79 and 0.80 per cent. The fixation of CO, was quantitatively much 
greater in Experiment II than in Experiment I, 61.8 per cent of the added 
00, being fixed in Experiment II as compared to 21.7 per cent in Experi- 
ment I. It seems probable that the reactions in Experiment II were more 
rapid than in Experiment I and the reversibility in this case was sufficient 
to give a complete distribution of the C™ in all carboxyl groups, while with 
the slower reaction rate an unequal distribution of C™ resulted. It was to 
be expected that the C™ concentration would be identical in the fumarate 
and malate, since the interconversion of these acids by fumarase occurs 
very rapidly. Likewise, since the lactate arises by reduction of pyruvate, 
the C* concentration in the two compounds should be similar. 

The attempts to demonstrate an exchange between CO, and the £- 
carboxyl group of oxalacetate did not yield conclusively positive results. 
A typical experiment is shown in Table II. The amount of C” is prac- 
tically within the limits of error of the method of measurement. These re- 
sults should not be taken as an indication that exchange does not occur, but 
they do indicate that the rate of this exchange reaction is of a different 
order of magnitude than that of the rate of fixation of CO. with pyruvate 
and fumarate as substrates. 
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TABLE | 


Distribution of Fixed CO, in Products of Reaction by Cell-Free Liver Enzyme 

















"aa Product Excess C™ | Excess C™ End | doa 
No. cs | fixed Ce 
| mu | percent | mM | per cent | percent 
I* | Pyruvate 3.80 | | 
| -COOH | | 0.26 | 0.0099 | 7.1 | 326 
| Lactate | 1.87 
| -«COOH | | 0.28 | 0.004 | 3.1 | 148 
| CH,-CHOH. | | 0.02 | 
| Fumarate | 0.52 | | 
-COOH | 0.35 | 0.0036 | 2.6 11.8 
| Malate 1.64 | | 
| .COOH | | 0.38 | 0.0125 | 8.9 | 4 
-CHOH-CH,- | 0.00 | | 
DOE dststiviies si Ph avis ends of | 0.0304 | 21.7 
IIf fides and lactate | 2.36 | | 
-COOH | | 0.79 | 0.0186 | 35.4 | 57.2 
CH,;-CHOH. | | -0.01 | | 
| Fumarate and inalate | 0.87 | 
-COOH | | 0.80 | 0.0139 | 26.4 | 42.8 
| +-CHOH-CH,- | | 0.00 | | 
 belegaled ret | | 0.0325 5 | 61.8 | 





* 83 ml. of enzyme, 24 ml. of 0.005 m MnClo, 16 ml. of cozymase (1 mg. of crude 


| 


preparation per ml.), 8 ml. of 0.5 m pyruvate, 8 ml. of 0.5 m fumarate, 8 ml. of 0.35m | 


NaHCO, containing 0.1403 mm excess C!*, 5 ml. of H:O. Incubated 1° hours at 
38° with no gas phase. 


27 ml. of enzyme, 9 ml. of 0.005 m MnCl;, 6 ml. of cozymase preparation, 3 ml. of | 


0.5 M pyruvate, 3 ml. of 0.5 m fumarate, 3 ml. of 0.35 m NaHCO, containing 0.05% | 


mm excess C', 6 ml. of H,O. Incubated 1} hours at 39° with no gas phase. 


TaB_Le II 


il Exchange with Oxalacetate 





8-Carboxy! COs from 








Washings oxalacetate 
CO:, mu..... ences 0.74 | 0.30 
Excess heavy c: arbon, %. 0.01 0.03 











5 ml. of dialyzed pigeon liver extract, 1.0 ml. of 0.01 MnCly, 1 ml. of 0.5 Mm pyruvate, 
1 ml. of 0.5 m oxalacetate, 0.5 ml. of 0.35 m NaHCO; (heavy carbon 6.2 per cent), 





| 





Incubated 25 minutes at 39°, 
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DISCUSSION 

The results of the investigation of the distribution of the fixed carbon 
are in complete agreement with the proposed mechanism of fixation. How- 
ever, these results give little information concerning the primary fixation 
reaction itself, other than to show that the CO, is fixed in a carboxyl group. 
The fact that the decarboxylation of oxalacetate in the pigeon liver prepa- 
rations is enzymic makes plausible a reversal of this reaction, but the 
exchange studies indicate that such a reverse reaction is apparently too 
slow to account for the rapid fixation observed when fumarate is added to 
the pyruvate. 

Failure to demonstrate an appreciable amount of exchange in the oxal- 
acetate may, of course, be due to an inhibition of the reaction by the high 
concentrations of oxalacetate employed. During fixation of CO, in the 
presence of pyruvate and fumarate the concentration of oxalacetate is 


| inappreciable. The possibility that the first product of fixation is not 


oxalacetate, but some other substance closely related to it, would also ex- 
plain the observed low rate of exchange. Thus if the fixation reaction in- 
volved an intermediary X, in the following manner 


+2H 
Pyruvate + CO, = X = malate 


2 


Oxalacetate 


and the conversion of X to oxalacetate occurred at a much slower rate than 


_ the reduction of X by lactate to form malate, one would expect little ex- 


change between labeled CO, and oxalacetate to occur under our experi- 
mental conditions. 
A comparison of the results obtained by Krampitz, Wood, and Werkman 


| (2) with bacteria indicates that the pigeon liver and the bacterial prepara- 
_ tions differ in several respects. Thus, the same procedure that resulted 
_ inademonstration of fixation of CO, in oxalacetate by bacteria has not been 
| successful with pigeon liver preparations.2. The apparent direct formation 
| of oxalacetate from pyruvate has also been demonstrated with the bac- 


terial preparations by Kalnitsky and Werkman (7). However, a considera- 
tion of the energy relationships involved indicates that the amount of 
oxalacetate which could be formed from pyruvate and CO, by Reaction 1 
would be too small to be detected by the methods employed (3). This 
fact alone would warrant the conclusion that the fixation mechanism in- 
volves at least one unknown step. In the case of the rea¢tion in bacteria 


*Krampitz, Wood, and Werkman obtained such results before the experiments 
deseribed in this paper were undertaken. 
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the possibility of a phosphorylated intermediary has been suggested by 
Krampitz, Wood, and Werkman (2). No experimental evidence yet ob- 
tained indicates a participation of phosphate during CO; fixation in pigeon 
liver, however, although there is likewise no evidence that phosphate does 
not play a significant part in the reaction. 


SUMMARY 


The fixation of CO, by pigeon liver extracts, with pyruvate and fumarate 
as substrates, has been investigated with CO, labeled with C®. The prod- 
ucts of the reaction have been examined to determine the location and 
concentration of the fixed C“. It has been demonstrated that the C" is 
entirely in the carboxyl groups of the pyruvate, lactate, malate, and fu- 
marate and that the concentration of C™ is approximately the same in all 
the carboxyl groups. The results are, therefore, in agreement with the 
previous proposals of Evans, Vennesland, and Slotin (1). 

There remains some uncertainty concerning the details of the mechanism 
of the initial fixation reaction. 
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COMPOSITION OF BONE IN RELATION TO BLOOD AND DIET* 
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(From the Pediatric Research Laboratory and Division of Biochemistry, The Jewish 
Hospital of Brooklyn, New York) 


(Received for publication, December 27, 1944) 


In the literature, various reports on bone analysis indicate that the 
inorganic composition of bone as represented by the formula CaCO -n- 
[(Cas(PO,)2] (in which as much as 6 per cent of the calcium present may be 
replaced by other bases (1)) often shows an excess of base over that re- 
quired by this formula. This was shown by Gabriel in 1894 (2) and subse- 
quently confirmed (3-5). 

Though many attempts have been made to demonstrate the presence of 
anions in excess of the above formula (5), this fact has not yet been estab- 
lished. Such evidence might support a theory proposed by Shear and 
Kramer (6-8) and confirmed by Logan (9) that CaHPO, is the first solid 
aggregate formed in calcification. 

To investigate this problem further, our previous experiments on the 
relationship of diet and blood to bone carbonate (10) were extended to 
include total base and phosphate studies, since in those experiments bloods 
containing high phosphorus and low calcium levels and low phosphorus and 
high calcium levels were obtained. In six out of seven experimental groups 
of rats, an excess of base over that required by the empirical formula for 
bone composition was observed, whereas in one group the opposite feature 
was noted. 


\ 


EXPERIMENTAL 


The experimental procedure and the diets employed are fully described 
in the previous paper (10). The femora from the final experiments de- 
scribed in that paper were employed. In addition to calcium and car- 
bonate, these bones were further analyzed for phosphorus, total base, and 
ammonia. The methods employed for the analyses are those described by 
the authors (11). 


* Preliminary paper presented before the American Society of Biological Chemists 
(Federation Proc., 2,70 (1943)). Partially presented before the Division of Biological 
Chemistry, 107th Meeting of the American Chemical Society, Cleveland, Ohio, 
April 3-7 (1944). 
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Calculations 


mM Ca = (mg. total Ca in bone) /40.08 
oP sat iP ie e/a 
“ CO,;,=(“ “ CO,“ “ )/60.01 
Milliequivalents total base = milliequivalents total base in bone minus milli- 
equivalents NH,* in bone . 
Residual Ca = mm Ca in bone minus mm COQ; in bone 


- total base = milliequivalents total base in bone — (2 X mm CQ,;) 
Jo Ca, % P, % COs = mg. Ca, P, or CO; XK 100/mg. weight of fat-free dried 
femur 


Milliequivalents total base per 100 mg. = milliequivalents total base X 100/mg, 
weight of fat-free dried femur 
The ash may be calculated by adding 
Mg. Ca + [mg. P K PO,:P] + mg. CO; +24 [milliequivalents total base - 
(2 X mm Ca) ] 
PO,:P = (31.02 + 64.0)/31.02 = 3.063 
The excess of total base over calcium is mainly Mg + Na. 
n was calculated by three methods: 
n, = 4 residual Ca/mm CO; 
ne =} oe total base/mmu CO; 
n; = } mu P/mm CO; 


TaBLeE I 


Composition of Serum (Mean Values) 


"i 


Group Ca P | CO: | Cant. | Cal P:Ca | P:CO: 
phd hace: } awe se eae may J eae) ett 

. mg. per mg. per | vol. per | | 

cent cent cent 

Reference | 1.2 | 10.3 | 51.6 | 15 | 1.12 | 0.92 | 0.200 
MGI ste. Lieccceeed 68 8.9 | 58.8 | 56 | 0.71 | 1.41 | 0.151 
Pw sivaornd ise 11.8 | 4.2 | 59.0 | 50 | 2.81 | 0.36 | 0.071 
ae re | 6.0 9.4 | 56.9 | 56 | 0.64 | 1.57 | 0.165 
A + vitamin D | 8.7 | 8.9 | 54.7 | 77 | 0.98 | 1.02 | 0.163 
B+ “* “«.....] 18.8 6.8 | 57.1 90 | 1.96 | 0.51 | 0.119 
C+ “ “ .....) 8.8 | 9.3 | 526 | 82 | 0.95 | 1.06 | O17 


The mean results of the bone analyses were evaluated by the statistical 
methods of Fisher as applied to small samples (12). P represents the 
frequency with which the difference between two means may be due to 
chance alone. When P is 0.05 or less, the difference between the means is 
considered statistically significant. 

Composition of Blood Serum—The results obtained in serum analysis for 
Ca, inorganic P, and CO, are shown in Table I. The significance of these 
results has been discussed previously (10). They are reproduced here be- 
cause frequent references will be made to them. 

Deposition of Inorganic Components As Indicated by Total Amount 
Present in Femur—-Table II shows the absolute amount of calcium, phos- 
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TaB_e II 
Absolute 4 omposition of Bone (Mean V. alues) 


Resid- 


| Weight Resid- 
. Total ual 
Group of Ca P CO. | ual 
bone | | . base Ca ny 


mu xX mu xX mM w x | m.eq. X | mu X | meg. 
= | 1000 





ms. 1000 1000 1000 | x 1000 





Reference 40.59} 153.72 | 92.36 13.89 | 312.51 |139.83/284.73 
Ais: ..| 74, 45| 189.30 | 114.16 20.96 | 387.43 |168.34/345.51 
| 93.41} 297.90 | 168.30 45.25 | 606.21 |252.65/515.71 
a ; | 69.44) 196.44 | 131.91 23.28 | 406.70 |173.16/360.25 
A + vitamin D.. ....| 81.63] 235.40 | 141.58 23.49 | 482.99 |211.91)436.87 
B+ «(* alert! 129.77 546.30 | 308.70 | 75.77 |1127.24 |472.201975.70 
C + es 6... ....+-| 77.88] 242.30 | 146.60 23.91 | 491.46 |218.39/443.64 
P,Avs.B...... <10-7_ |<10-7_ |<10-* |<10°8 
ms «6. | 0.71 0.12 0.15 0.54 
—" <107-5 0.02 }<10- 10 1<10°* 
i Saale + vitamin D.. | 0.043) 0.04 0.32 0.04 
EB” B+ sg aa 0.015;<10-§ |<10-* |<10-’ 
weet oy 8! ey 0.051 0.26| 0.76| 0.04 
“ A + vitamin D vs. B + 

vitamin D. - <10-* |<107 |<10- |<10- 
P,A+ vitessin D vs. C + 

vitamin D. iol 0.78 0.68 0.88 0.86 
P, B+ vitamin D vs. Cc + 

vitamin D........ <10-* =j|<10-! |<107!° |<10°-'° 
P, reference vs. A....... | 0.08 0.074;<10-5 0.066 
" > a TE sdasvwins “d Sig. Sig. Sig. Sig. 
. wi “ ©. 0.075;<0.01 |<10™° 0.029 

reference vs. A + vite- | 

ee... keMbiths & <10-* | Sig. | Sig. | Sig. 
P, ieference vs. B+ vita-| 

minD...... | Sig. i, ” 
P, reference vs. Cc + vite- 

minD..... | ses se 6 "7 


























P indicates the probability that the difference between the two means is due to 
chance. 

Sig. indicates that the difference between the two means is statistically signifi- 
cant. This method was employed in comparing the Reference group against the 
others. These values were not calculated because, by inspection of the differences 
between the means and S(x—#)*, P would be lower than the next lowest P (see 
Fisher (12)). 2 = individual observation; = mean value; z — # = deviation from 
the mean; S(x — Z) = sum of the deviations from the mean. 


phorus, carbonate, total base, and ammonia deposited. The total weight 
of the bone and the calculated residual calcium and residual total base are 
also shown. 


Itis readily seen that the total base in all cases is higher than the caleium 
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expressed as milliequivalents (calcium in milliequivalents = 2 times the 
calcium in mM). ‘This is in agreement with the findings of Logan (1) and 
Kramer et al. (13) and others. Alli the calcium, phosphorus, and carbonate 
values were higher than those of the reference group, which gives the initial 
content of these components in the bones of the group. The greatest in- 
creases in the deposition were on the high calcium-low phosphorus diets, 

The addition of calcium to Diet A increased the amount of phosphorus 
deposited compared to that found in Group A to a statistically significant 
degree, whereas the addition of phosphorus to Diet A (Diet C) was with- 
out effect. 

Vitamin D caused a statistically significant increase in all bone com- 
ponents analyzed in Group B. In Group A, there were increases in two 
out of the three main bone components; namely, total base and phosphorus 
(since calcium is the principal component of the total base of the bone, it 
need not be considered independently). In Group C, there was a statis- 
tically significant increment only in the total base. 

Deposition of Inorganic Components As Indicated by Percentage Present 
in Femur—It may be seen in Tables II and III that, whereas the absolute 
amounts of total base and phosphorus were higher in all groups than in 
the reference group, the percentage values were lower in all groups except 
in Group B receiving vitamin D. 

In the absence of vitamin D, Group B has a distinctly higher percentage 
of carbonate than the other two groups, but the difference in the percent- 
ages of base and phosphorus is without significance. There were no 
statistically significant differences between Groups A and C with regard to 
the percentage values of the inorganic components studied. 

In the presence of vitamin D, Group B had higher percentages of the 
inorganic components than the other two groups. There were again no 
statistically significant differences between Groups A and C. 

Vitamin D increased the density of the bones as measured by the per- 
centage of ash in Groups B and A but not in Group C. 

Composition of Bone Calculated from Data—The residual total base to P 
ratios are givenin Table IV. The theoretical ratio is 1.50 from the formula 
n{[Cas(PO,4)2]-CaCO 3. It is seen in Table IV that the total base was in 
excess of this in six out of seven groups. In the high phosphorus group, 
in the absence of vitamin D this ratio was 1.36. This variation from the 
usually reported ratio of 1.50 is unmistakably significant statistically. The 
formula m(CaHPO,)-n[Ca3(PO,4)2]-CaCO; is necessary to explain this 
unusual ratio, where m = 2 and n = 1.6. 

n was calculated by three methods and n, ranged from 1.88 to 3.34, Mm 
from 1.92 to 3.41, and n; from 1.86 to 3.33. If we examine the relationship 
between the blood composition and n (see Tables I and IV), there is # 
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distinct correlation between the serum P:CO, ratio and m3, except for the 
third and fourth values in the series, which become respectively the fourth 
and third. The correlation is not as good for n; and nz because Group C 
falls out of line; this may be explained on the basis of the unusual residual 
total base to P ratio found in the bones of this group. 








TaBLe III 
Composition of Bone (Mean Values) 
Group Ash Ca P COs | | NHs 
pad | per cent per cent per cent “ea. | "00 we. 
Reference. . .. ..| 39.15] 15.26) 7.11 | 2.08 | 777.0 | 5.57 
ae ...eee| 27.01] 10.39} 4.99] 1.74 | 531.1 | 4.20 
ine: ts Sete | 33.39] 13.02 | 5.66 | 2.82 | 657.0 | 3.05 
<P Leceeesesueeese] 82.18] 11.45] 5.97] 2.04 | 590.2 | 4.60 
A+ vitamin D... ..ss+e.| 80.51] 11.80] 5.47 | 1.80 | 599.8 | 3.80 
ee. * , ...| 43.61] 17.00} 7.48] 3.53 | 877.5 | 2.55 
-_ * « -......{ 31.77] 12.50] 5.86 | 1.85 | 634.6 | 2.82 
P, Avs. B as ol | 0.047; 0.20 |<10-* | 0.036) 0.064 
“ue © 4 | 0.59} 0.12 | 0.09} 0.20} 0.58 
— “. ae eee 0.24 | 0.60} 0.018} 0.25 | 0.07 
“A“ A+ vitamin D | | 0.38] 0.43) 0.73 | 0.11 | 0.48 
“B“ B+ “« « | }<10-8 |<10- | 0.017|<10-* | 0.45 
oe c+ “« « | 0.35 | 0.82) 0.28) 0.32] 0.04 
“ A + vitamin D vs. B +) 
vitamin D.......... aid <10°° |<10°° |<10-° l<10-* | 0.06 
P A + vitamin D vs. C +) 
i i ais | 0.50! 0.46| 0.78!) 0.49] 0.15 
P B + vitamin D vs. C +} | | 
ia etna xh aacean <10-? /<10-7 |<10- |<10-" | 0,7 
P reference vs. A... Pay | Sig. |<10-° | 0.66 | Sig. 0.60 
ee Bh ertecuws 0.04 | 10-8 0.02} 0.03 | 0.41 
: i, Ge Sig. | 0.04 0.76 | Sig 0.29 
“  « «A + vitamin D «  1<10-? | 0.07 | . 0.15 
—-: “By eS <10- 0.17 |}<10-% |<10- | 0.12 
0.09 


hh § CH SO <10-* |<10-* | 0.10 |<10~* | 





See note below Table IT. 


Table V shows the increments in the components and composition of the 
bone during the experimental period. For Table V, the values found in 
the reference group were subtracted from those found in the experimental 
groups at the end of the experimental period. This method of evaluating 
the data may be criticized on the ground that the composition of the bone 
during the experimental period was not static, but that there was a con- 
tinual turnover of old bone salts and replacement by new bone salts, as 
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has been clearly indicated by experiments on bone deposition with radio- 

active phosphorus (14-16). This approach is especially apt to mislead one 

when the net increase in deposition is relatively small in magnitude. 
TaBLe IV 


Composition of Bone (Mean Values) 


The results represent molar ratios. 





= U Siz 
Group ~|¢ S| dls | 3° 
| a “13 = “= IU = } 
FF  e xi< i = é é | mls 
| ols | sis 3 ¢ - “ a 
| le | Sle az ma = ésia@ 
Reference Ip .001010.0804 1.51 1.54 3.34 | 3.41 | 3.33 
A 0.1112/0.1084 | 1.48 1.52 2.68 | 2.76 | 2.72 
B 10. 1526/0. 150 1.51 1.54 1.88 | 1.92 | 1.96 
Cc \0.117510.1149 1.33 | 1.36 2.52 | 2.58 | 2.82 
A + vitamin D 0.1018/0.0993 1.49 | 1.55 2.98 | 3.08 | 3.01 
B+ ‘* " (0.1389'0.1351 1.52 | 1.57 2.07 | 2.15 | 2.04 
C+ : “ (0.0981/0.09658 1.49 | 1.51 3.11 | 3.15 | 3.06 
A vs. B | 0.263 <10-° 
B“ C | <10-° <10-7 | 
a tee Be <10-7 0.17 
A“ A + vitamin D... 0.63 0.04 
B“ B+ " | 0.63 0.046 
c“C+ * | <10-° <10-* 
A + vitamin D vs. 
vitamin D 0.049 <10-9 
A + vitamin D vs. C 
vitamin D. 1.00 0.49 | 
B + vitamin D vs. C 
vitamin D 0.19 <10-° 
Reference vs. C <10"-° | 
‘a vs. C + vitamin) 
D 0.11 
Reference vs. A + vitamin| | 
0.01 | 


D 


The residual total base to P ratio in the absence of vitamin D indicates 
an excess of acid over base deposited in Groups A and B. 


In Group C, 








this ratio is 0.955. The ratio for CaHPO, is 1.00. Thus, the empirical 
composition of the salt being deposited as represented by the increment may 
be considered as such a compound. By this reasoning, some CaHPO, 
must also be present in the bones of rats in Group A. In contrast, Group B 
has a ratio of 1.58, indicating that there is a possibility of a Ca(OH)» type 
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of compound being deposited during the experimental period. In the 
presence of vitamin D, the increment in the residual total base to P ratio 
of the salt being deposited was highest in Group B and lowest in Group C, 
Group A being intermediate. There is an excess of base in the bones of 
Groups A and B. The influence of vitamin D was manifest in both high 
phosphorus-low calcium groups (Groups A and C) by a marked increase 
in bone residual total base to P ratio. In Group B, in which this ratio 
was high, the influence of vitamin D was negligible. 

The relationship between blood composition and increment in the residual 
total base to P ratios (see Tables I and V) shows a distinct correlation 
between the serum Ca:P ratios and the increment in residual total base 


TABLE V 


Increments in Inorganic Composition of Bone during Experimental Period 


| Poo 





























3 | | 
S | 
| Incre- 5) al 
Group | weight Ca P COs Sa. O| 3/6 is 
of bone 3) Sa g Ix 
| | | i é 
al 7 ‘yewtoea ax mu xX | mu xX a mu xX mu xX mu xX 
| OS. 1000 | 1000 | 1000 1000 1000 1000 
eae T | 23.7 | 35.58) 21.80) 7.07) 1.39 1.31 1.34 1.54 
B.. | 45.0 (144.18) 75.94) 31.36) 1.58 1.49 1.20 1.21 
= y | 17.2 _ 42.72 39.55) 9.39) 0.955 0.842 1.19 2.11 
A+ vitamin D.....| 46.4 | 81.68) 49.22) 9.60) 1.55 1.47 2.50 2.56 
B+ - « | 49.2 |392.58/216.34! 61.88} 1.59 1.54 1.79 1.75 
C+ “ «© || 40.5 | 88.58) 54.24] 10.02} 1.46 | 1.45 | 2.61 | 269 





to P, except for the first and second values in the series, which become 
respectively second and first. However, the difference between the incre- 
ment in the residual total base to P ratio of the first and second largest 
value is negligible (first = 1.59, second = 1.58). 

The values in the increment of n3(4P):CQO; are related to serum P:CO, 
ratios. If the serum P:CO, ratigg are arranged in a series for all the groups, 
the increment in n; follows the same order as the serum P:CO, ratios (see 
Tables I and V), except for the second and third values in the series in 
which the serum CQ,:P ratio is 0.163 and 0.165 and ng is 2.56 and 2.11 
respectively. However, the difference between 0.163 and 0.165 is negli- 
gible. Group B has the lowest increment in n3, both in the presence and 
absence of vitamin D. Group C showed the highest ns values with and 
without vitamin D. 

If we consider the increment of n; in the same fashion, Group C falls out 
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of line. This, however, can be explained by the great excess of phosphate 
that was found in the bone, or, conversely, by the deficiency of base. Thus, 
this fact provides an explanation of the lack of conformity of Group C 
when evaluated by the CO;:Ca ratio only, as noted in our previous 
paper (10). 

The influence of vitamin D on the increment of both n; and ng was 
marked. There was an increase in all cases. The extent of this increase 
is greater than that expected from the increase in serum P:CO, ratios, 
This may be related to an increase of Ca X P product in the serum (see 
Tables I and V), although some other factor, playing an auxiliary réle, 
cannot be excluded. An increase in serum Ca X P product would favor 
increased calcium phosphate deposition (as compared with the amount of 
CaCO; deposited). This would result in lower values of n; and nj. 


DISCUSSION 

Composition of Bone and Mechanism of Its Formation—In the literature, 
there is general agreement that the composition of bone salts undergoes 
wide variations (9, 17,18). In spite of these observed variations, however, 
all the x-ray evidence to date indicates that the bone salts are present in an 
apatite structure (18). Apatite may be considered as a continuous series 
of solid solutions in which the composition of the solid reflects the composi- 
tion of the liquid with which it is in equilibrium. There is an added factor 
that must be considered in accounting for the variations in bone salts; 
namely, adsorption. The small size of the bone crystals offers large sur- 
faces which provide ideal conditions for adsorption. The experiments of 
Logan and Taylor (19) indicate that the calcium carbonate portion of the 
bone may be adsorbed or at least present in higher concentration at the 
surface than in the interior of the bone. The in vitro experiments of 
Hodge et al. (20) with radioactive sodium indicate the operation of an 
adsorption isotherm in the uptake of sodium by bone and also indicate 
that large amounts of phosphate and fluoride may be adsorbed. However, 
the possibility of isomorphous replacement of sodium in the apatite lattice 
has not been eliminated. 

It is not yet possible to decide whether deposition of bone salt occurs 
as a result of the formation of solid solutions or is a two stage process 
consisting of the formation of an initial precipitate followed by ion exchange 
and adsorption. In both of the above processes, the composition of the 


solid changes with changes in the composition of the liquid phase. Simi | 


larly, variations in the composition of bone salt may be correlated with 
changes in the composition of the serum. There was an almost direct rela- 
tionship between the bone P:CO; (ns) ratio and the serum P:CO, ratio. 
These relationships become even more evident if the blood composition is 
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considered throughout the experiment. The more extreme the dietary 
Ca:P, the more rapidly the changes in serum composition take place. This 
was shown in the experiments of Boelter and Greenberg (21) for low eal- 
cium-high phosphorus diets and in unpublished experiments in this labo- 
ratory for high calcium-low phosphorus diets. Vitamin D tends to prevent 
these changes by preventing the fall of either serum calcium or inorganic 
phosphorus. Vitamin D may also have an effect on the operation of the 
“local factors” in the bone. Consequently, the comparison of experiments 
in which vitamin D is the only differing feature between two groups is 
open to this limitation. In general, the increased P: CO; ratio of the bones 
of the vitamin D-fed group was higher than that expected from the changes 
in the serum P:CO, ratios alone. These increases, however, were accom- 
panied by higher values of the serum calcium and consequently the Ca X P 
products were also higher. 

The correlation between the composition of serum and of bone was even 
better when only the net increments in composition of the bone (during the 
experimental period) are considered. (The limitations of this method of rea- 
soning were pointed out in the experimental portion of the paper.) There 
was an almost direct relationship between serum P:CO, and increment in 
bone P: CO; (nz) when each series was arranged in the order of its magnitude. 
In addition, there was a direct relationship (with one doubtful exception) 
between serum Ca:P and bone residual Ca:P (or residual total base to P) 
when each series was arranged in the order of its magnitude. The above 
relationships are similar to that indicated by Logan and Taylor (see 
Table IV (22)) between the composition of calcium phosphate precipitates 
and that of the supernatant fluids. 

An exact quantitative relationship between the composition of blood and 
bone cannot be expressed, since this would involve a knowledge of the 
activities of the bone-forming ions at the site of deposition. Such knowl- 
edge is not yet available. These experiments, however, do indicate that 
the composition of the serum is one of the controlling factors. Another 
factor is one which affects diffusion to the sit@ of deposition which may be 
influenced by vitamin D. The various “local factors” may also be instru- 
mental in changing the composition of the fluid. For example, vitamin D 
has been shown to influence the conversion of organic to inorganic phos- 
phate in the tissues (15). If this holds true for the bone cell also, then the 
increased PO,:CO; ratio of bone would be over and above that represented 
by serum values. The presence of enzymatic factors which have been 
shown to play a part in calcification (23-25) must also be considered. Ex- 
periments on calcification in vitro have shown that a minimal Ca x P 
product is required for deposition (26). This minimal Ca X P product was 
lowest in embryonic rabbit bone (27). In rachitic animals, a higher product 
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was necessary for new calcification, and the more prolonged the rachitie 
period, the higher the product required (28). In rickets due to beryllium 
and strontium the required product is much higher (29, 30). The experi- 
ments with strontium rickets indicated a reversible injury to a “local 
factor,”’ enzymatic in nature, other than phosphatase. The more recent 
experiments of Gutman et al. (25) indicate that the enzyme system for 
“phosphorylative glycolysis” is important in the calcification of bone 
cartilage. 

From this discussion, it is evident that the “local factors’? must be con- 
sidered in lime salt deposition. ‘Local factors” in themselves operate 
within the limits prescribed by the physicochemical factors. In each case, 
a minimal Ca X P product is required and the composition of the bone isa 
reflection of the composition of the serum. This is dramatically brought 
out in the bones of Group C, which had the empirical composition of 
[(Cas(PO,4)2]o.0(CaHPO,):6-CaCOs. Precipitates of such composition were 
obtained by Logan and Taylor (22) from high phosphate-low calcium solu- 
tions. The usual blood composition does not have a sufficiently high phos- 
phorus concentration with respect to the calcium concentration for the 
formation of such precipitates. With the extremely high phosphorus-low 
calcium diet (Diet C), however, high inorganic phosphorus and low calcium 
levels in the serum are rapidly obtained and maintained. There was no 
decrease in the carbonate content of these bones because the absolute 
amount of carbonate was actually higher than at the beginning of the 
experimental period. An examination of the data of Boelter and Green- 
berg (21) shows bones with similar composition following calcium-deficient 
diets. 

The importance of CaHPQ, in bone has been emphasized in discussions 
on the physicochemical mechanism of bone salt deposition. Wendt and 
Clarke (31) were the first to suggest that CaHPO, is a step in the formation 
of tertiary calcium phosphate. Shear and Kramer (6) then suggested that 
this was the first step in the formation of bone salts. They found serum 
to be just saturated or slightly undersaturated with respect to CaHP0O, 


(7,8). Calcification is not obtained either in vivo or in vitro when the ion 


product [Ca++] X [HPO,~] is markedly below the solubility product of 
CaHPO, (7). Logan and Taylor (22), in a study of the course of precipi- 
tation of calcium phosphates, found that after the initial mixing there was 
some CaHPO, present in the precipitate. On prolonged equilibration, the 
composition of the precipitate underwent a change. In solutions con 
taining excess calcium, the CaHPO, disappeared, apparently being replaced 
by Ca3(PO,)2 and Ca(OH)>. In solutions containing an excess of phot 
phate, some of the CaHPO, remained after prolonged equilibration. They 
concluded that CaHPO, is the first aggregate formed in the deposition of 
bone salt. This first solid removed calcium when in contact with solutions 
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containing excess calcium to form Ca3(PQO,)2. In the presence of a solution 
containing excess phosphate, phosphate is lost to the solution from the 
precipitate with the formation of Ca3(PO,)2. Calcium, carbonate, and 


_ hydroxyl ion may be removed from solution even when their concentrations 


are such that the ion products [Ca**][CO;~] and [Ca*+][OH-}* are less 
than the solubility products of CaCO; and Ca(OH),. ‘The composition 
of the precipitates after long equilibration depends on the composition of the 


- jiquid phase”’ (22). 








The main arguments against the CaHPQO, theory are summarized by 
Huggins (17). In the early calcification in healing rickets, Kramer and 
Shear (5) found not a low bone residual Ca:P ratio but a high value, indi- 
cating the presence of Ca(OH)s. This argument may be answered by 
pointing out that the serum P:CO, ratio is low in rickets due to a high 
calcium-low phosphorus diet, thus accounting for the deposition noted. It 
isseen in our experiments that on such diets, even in the presence of vita- 
min D, there is a relatively low serum phosphorus and an excess of base in 
the bone over that required by the formula Ca;(PO,)o. Had similar 
observations been made on high phosphorus-low calcium rickets, entirely 
different results might have been obtained. Another argument advanced 
against the acid phosphate theory is that CaHPO, has never been demon- 
strated by x-ray methods of analysis. Small amounts of this compound 
would not be revealed by the techniques hitherto employed. IfCaHPO, 
was present at the surface of the crystal, it would not be revealed, according 
to Walden and Cohen (32). If the CaHPO, were part of the apatite 
lattice (of the general structure Ca3(PO,)2-CaX, in which part of X is 
HPO,-), x-rays would again not reveal its presence in bone. Chemical 
analysis, however, would empirically show the existence of CaH PO, as such 
in bone. Hitherto, such chemical proof has not been presented, even 
though evidence was already present in the bones of the experimental rats 
of Boelter and Greenberg (21), who did not recognize this fact and whose 
amalyses were limited to calcium and phosphorus only. In our experi- 
ments, bones with the average inorganic composition of [Ca3(POx4)s]2.0- 


, (CaHPO,);.6-CaCOs were obtained. Whether CaHPOQ, is present in our 


bone salts as an independent crystal we are not prepared to state, but we 
hope to undertake such a study, using x-ray analysis. The third criticism 
of the acid phosphate theory was raised by Morgulis and Janecek (4); 
tamely, that any CaHPO, present would be converted to pyrophosphate on 
incineration and would have to be reconverted by acid hydrolysis. No 
such pyrophosphate was found by the above authors. It would be inter- 
esting to see whether the bones of Group C give pyrophosphates under such 
conditions. 

Recently, Greenwald, Redish, and Kibrick (33) presented evidence for 
the existence of undissociated CaHPO, in solution. They calculate that 
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the value of the dissociation constant of CaHPO, indicates that in plasma 
at pH 7.35 and » = 0.152, containing 1 mm of phosphate and 1.25 mm of 
calcium not combined with protein, approximately 0.055 mm of CaHPO, 
is present in solution. In subsequent work, Greenwald (34) concurs with 
Shear and Kramer (6-8) and Logan and Taylor (22) that, if the solubility 
product of CaHPO, is exceeded, the immediate precipitate appears to be 
CaHPO,. He found that it is only later that the composition of the pre- 
cipitate may change to approximate that of Ca3(POx)s. 

The work of Shear and Kramer (6-8), Logan and Taylor (22), and Green- 
wald (34) has been cited to show the increasing consideration which is 
being given to the rdle of CaHPO, in calcification. Our data do not enable 
us to choose between these proposed mechanisms of calcification. Our 
work, however, serves to eliminate one of the major criticisms of one of 
these theories of calcification and supports this approach by indicating the 
probable existence of CaHPO, in bone under certain conditions. By 
simultaneous study of blood and bone composition, it has been possible to 
show that the final composition of bone does depend on that of the liquid 
phase in contact with it. The case for regarding the phenomenon of caleifi- 
cation as a physicochemical process has been strengthened and another step 
towards clarification of the mechanism involved has been made. 

Once again, in another manner, has the importance of dietary calcium 
and phosphorus been shown. The composition of bone is related to serum 
P:COz, ratios, Ca:P ratios, and Ca X P products. These ratios and 
products, in turn, are influenced by the dietary calcium to phosphorus 
ratios and absolute levels, modified by dietary vitamin D (35-37). 


SUMMARY 


1. The composition of bone as represented by the formula CaC0j: 
n[{Ca3(PO,)2] (in which some of the calcium present may be replaced by 
other bases) showed an excess of base over that required by this formula 
in six out of seven of the experimental groups of rats examined. The bone 
residual total base to P ratio ranged from 1.52 to 1.57 and the bone residual 
Ca:P ratio ranged from 1.48 to 1.52 (theoretical bone residual total base 
to P ratio = 1.50). 

2. The presence of excess phosphate over that required by the above 
formula for bone composition was demonstrated in one of our experimental 
groups, indicating an empirical composition of [(CaHPO,)1.6(Cas(POs)s)" 
CaCO;]. The bone residual total base to P ratio was 1.36 and the residual 
Ca to P ratio was 1.33. 

3. n as measured by the PO,:CO; ratio in the bone appears to be corre- 
lated to the serum inorganic P:CO, ratios. n ranged from 1.86 to 3.33 2 
the various experimental groups. 
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4, It has been shown again that the composition of the diet is reflected 
in the blood serum and that the composition of the bone is related to that 


of the serum. 
5. The significance of these findings in the mechanism of the deposition 
of bone salt has been discussed. 
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FURTHER STUDIES ON FACTORS THAT AFFECT 
XANTHURENIC ACID EXCRETION* 


By E. C. MILLER anp C. A. BAUMANN 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison) 


(Received for publication, April 2, 1945) 


Previous reports have shown that rats (1) and mice (2) deficient in 
pyridoxine excrete xanthurenic acid in the urine when fed diets containing 
tryptophane. In this paper data are presented on the excretion of adminis- 
tered xanthurenic acid by normal and _ pyridoxine-deficient animals. 
Studies are also included on the relative effectiveness of pyridoxal and 
pyridoxamine in promoting growth and in preventing the excretion of xan- 
thurenic acid. 


Methods 


Rats and mice were kept in screen bottom cages in groups of two and four 
respectively. Food and water were given ad libitum, and the animals were 
weighed at weekly intervals. Fresh diets were mixed for each series and 
stored at 5°. The diets for the mice contained 10 or 45 per cent of purified 
casein ,! 2 per cent of corn oil (Mazola), 4 per cent of Wesson’s salt mixture 
(3), and glucose? to 100 per cent. The corn oil contained 0.1 per cent of 
halibut liver oil, and the following vitamins were added to each gm. of diet: 
3.3 y of thiamine hydrochloride, 10.0 y of nicotinic acid, 13.3 y of calcium 
pantothenate, 6.6 7 of riboflavin, 333 y of inositol, 200 y of p-aminobenzoic 
acid, 166 y of choline chloride, and 0 to 10 y of pyridoxine hydrochloride.’ 
For the experiments with rats the diets contained 10 or 45 per cent of puri- 
fied casein, 5 per cent of corn oil, 4 per cent of Wesson’s salt mixture, and 
glucose to 100 per cent. To each gm. of diet were added 3 y of nicotinic 
acid, 3 y of thiamine hydrochloride, 13.2 y of calcium pantothenate, 4.5 y of 
riboflavin, 1 mg. of choline chloride, and 0 to 10 y of pyridoxine hydro- 
chloride. Each rat received 1 drop of halibut liver oil per week. In certain 
experiments pyridoxal, pyridoxamine, or the lactone of 2-methyl-3- 


* Published with the approval of the Director of the Wisconsin Agricultural Ex 
periment Station. Supported in part by the Wisconsin Alumni Research Foundati»> 
and the Jonathan Bowman Fund for Cancer Research. 

‘Crude casein extracted for 5 days with several changes of tap water, and; 1: 
extracted with two changes of ethy! alcohol for 4 days at 50°. 

*Cerelose, a pure commercial glucc se monohydrate. 

*The terms pyridoxine and pyridoxine hydrochloride are used interchangeably, 
and all values are expressed as the hydrochloride. 
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hydroxy-4-hydroxymethyl-5-carboxypyridine was substituted for pyridox. 
ine hydrochloride.‘ In other experiments rats or mice were fed or injected 
with xanthurenic acid‘ (m.p. 281-284°, uncorrected). This compound 
was synthesized according to Musajo and Minchilli (4). 

The excreta of groups of four mice or of individual rats were collected 
and analyzed for xanthurenic acid in the following manner. The urine 
was collected under a small amount of benzene for 24 hour periods, and the 
funnels were washed with 5 to 10 cc. of 0.1 per cent NaHCO; at the end of 
each period. In most cases each 24 hour sample was analyzed separately, 
but in some studies pooled samples of 3 to 6 days urine were used. The 
feces were collected every 24 hours; usually the analyses were made on 3 to 
6 day fecal samples from a single rat or 24 hour samples from eight mice, 
All samples were stored at 5°, and the urine samples were analyzed as de- 
scribed previously (2). The feces were extracted in a mortar with 2 per 
cent NaHCO;; three extractions of 5 cc. each were used for feces containing 
normal amounts of chromogen. Feces containing large amounts of xan- 
thurenic acid were extracted with 10 cc. portions until the extract was no 
longer green (usually 25 to 50 cc.). The combined extracts were centri- 
fuged, and the residue from feces containing xanthurenic acid was reex- 
tracted. The combined supernatant solutions were acidified to pH 2.5 + 
0.5, the volume was recorded, and the solution was filtered immediately 
through qualitative paper. 2 cc. of the filtrate were then extracted in the 
same manner as urine samples. In the studies on the excretion of adminis- 
tered xanthurenic acid or tryptophane the chromogen was calculated as mi- 
crograms of xanthurenic acid excreted per 24 hours in either the feces or 
urine. In the studies on the activity of certain compounds related to py- 
ridoxine the chromogen was expressed as micrograms of xanthurenic acid 
excreted in the urine per gm. of food consumed. 

The question is still open whether all of the chromogen measured by the 
techniques employed (extraction from acid with ether-alcohol and color 
development with FeCl; in alcohol solution) was xanthurenic acid. Xan- 
thurenic acid has been isolated from the urine of pyridoxine-deficient rats 
fed high levels of casein (1), and concentrates of the chromogen from mouse 
urine appeared to be identical in stability, solubility, and optical properties 
to synthetic xanthurenic acid (2). However, even when large amounts of 


4 We are grateful to Dr. E. E. Snell of the University of Texas for the pyridoxal and 
pyridoxamine. These compounds are the free bases, so that on a molar basis 0.61 7 
of pyridoxal or pyridoxamine is equivalent to 0.75 y of pyridoxine hydrochloride. 
The lactone of 2-methy]-3-hydroxy-4-hydroxymethyl-5-carboxy pyridine was supplied 
to Mr. T. D. Luckey and Dr. C. A. Elvehjem by Dr. Karl Folkers of Merck and Com- 
pany, Inc. We are indebted to Mr. H. E. Sauberlich for aid in the preparation of the 
xanthurenic acid used in these experiments. 
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pyridoxine were fed to either rats or mice,a small amount of chromogen was 
still excreted. The quantity excreted in the urine varied with the casein 
and tryptophane content of the diet and ranged from 30 to 150 y per rat or 
mouse per day. The feces contained 2 to 15 y per mouse or 10 to 30 y per 
rat per day. Since the composition of these fractions is uncertain, these 
ranges are considered as normal for the purposes of the present discussion, 
and only larger amounts of chromogen are considered to be xanthurenic 


acid. 
Results 


Excretion of Administered Xanthurenic Acid—Musajo and Chiancone (5) 
isolated xanthurenic acid from the urine of animals fed diets high in tryp- 
tophane. Lepkovsky, Roboz, and Haagen-Smit (1) showed that pyridox- 
ine-deficient rats receiving diets high in tryptophane excreted xanthurenic 
acid, while the addition of pyridoxine to the diet prevented the excretion. 
Miller and Baumann (2) observed that 10 to 20 per cent of the tryptophane 
ingested by pyridoxine-deficient mice was excreted in the urine as xanthu- 
renic acid. The deficient mice survived for longer periods on diets of low 
casein content than on diets high in casein. However, only a part of this 
effect could be attributed to the tryptophane content of the casein. If 
xanthurenic acid were toxic to mice, the shorter period of survival on diets 
high in tryptophane might be due in part to the formation of this compound 
in vivo. Accordingly, a study has been made of the growth and xanthu- 
renic acid excretion of mice fed diets containing xanthurenic acid. The 
xanthurenic acid excreted by rats was also determined after feeding or 
injecting single doses. 

Weanling albino mice were depleted of pyridoxine on a diet containing 10 
per cent of casein and no pyridoxine for 10 to 14 days. Groups of four were 
then fed 10 per cent casein diets containing 0 or 10 y of pyridoxine hydro- 
chloride per gm. of diet, with or without xanthurenic acid. In the first 
series 0.5 mg. of xanthurenic acid was added to each gm. of diet, for pyridox- 
ine-deficient mice have been observed to excrete approximately 0.5 mg. of 
the acid per gm. of diets containing 30 to 60 per cent of casein (2). The 
results are indicated in Table I. During an 11 day period 13 to 24 per cent 
(average 17 per cent) of the ingested xanthurenic acid was excreted in the 
urine by the mice receiving no pyridoxine, while 14 to 22 per cent (average 
19 per cent) was excreted by those receiving 10 y of pyridoxine per gm. of 
diet. The mice receiving xanthurenic acid grew as well as those consuming 
the same diets without xanthurenic acid. Similar results were obtained in 
asecond series when 3 mg. of xanthurenic acid per gm. of diet were fed for 31 
days. No differences in growth or survival were observed, and the defi- 
tient mice excreted 17 to 20 per cent (average 18 per cent) of the ingested 
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xanthurenic acid in the urine. Those receiving 10 y of pyridoxine per gm, 
of diet excreted 12 to 17 per cent (average 13 per cent) (Table I). Thus 
the percentage of ingested xanthurenic acid excreted in the urine by mie 
did not appear to be influenced significantly by the pyridoxine content of 
the diet. 

Apparently, however, the xanthurenic acid was not completely absorbed, 
About 10 per cent of the ingested xanthurenic acid could be recovered from 
the feces, while no appreciable amount of chromogen (equivalent to 2 to 15 
y of xanthurenic acid per day) was present in the feces of mice fed 45 per 
cent casein diets with either 0 or 10 y of pyridoxine per gm. The quantity 


TaBLeE I 

Urinary Excretion of Xanthurenic Acid by Mice Given Nanthurenic Acid in Diei* 

Expressed as the micrograms of xanthurenic acid consumed or excreted per mouse 
per 24 hours. 





l | 
| | Group fed xanthurenic acid 
| 


tie ol *. ae pei asl | Per cent of 
Pyridoxine fed | Days on diet | xanthurenic | Xanthurenic use 
| acid excreted | Xanthurenic | Xanthurenic | acid excreted | acid excreted 
lacid consumed! acid excreted above 
| control | 
> per gm. dict | Y ¥ ¥ ¥ 
0 2 | 65 1,650 5 a >) nn rs | 
bt Pride dee 1,850 | 47 | 305 | Ww 
10 2 35 1,940 | 392 | 357 18 
7 63 1,825 | 423 360 20 
0 | is dee 6,080 | 1175 | 01 | 8 
16 350 8,610 1780 1430 17 
10 2 28 8,700 1078 1050 12 
16 of 55 11,050 | 1438 1383 | 13 
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* The data for the first four readings were obtained with one series of mice; the 
data for the last four readings, with a second series. 








of xanthurenic acid excreted per day in the urine after the ingestion of 3 
mg. of xanthurenic acid per gm. of diet was equivalent to that excreted on 
45 to 60 per cent casein diets (2), and it is probable that similar amounts 
were present in the tissues under the two conditions. Yet the mice receiv- 
ing 3 mg. of the acid per gm. of diet showed no harmful effects over a 31 day 
period, while similar mice on a 45 per cent casein diet without pyridoxine 
died in 10 to 20 days (Table IV and (2)). 

Reid, Lepkovsky, Bonner, and Tatum (6) made qualitative tests on the 
urine of rats given single doses of xanthurenic acid. They reported that 
the xanthurenic acid passed through the pyridoxine-deficient rats W- 
changed, but could not be recovered from the urine of rats fed pyridoxine. 
Since the present data with mice are not in harmony with this conclusion, 
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per cent Casein diet containing no pyridoxine for at least 3 weeks, when the 
pyridoxine deficiency was established by an excretion of at least 1200 y of 
santhurenic acid per day. They were then fed a 10 per cent casein diet 
containing no ‘pyridoxine for the duration of the experiment, and the 
ymount of xanthurenic acid excreted on this diet was determined before 
ach test dose was given. After 12 to 20 hours of fasting, 20 mg. of 
yanthurenic acid in 0.5 gm. of glucose were offered to each rat. When the 
supplement had been consumed or after 1 hour, the rats were placed in 
individual metabolism cages and the xanthurenic acid excretion was deter- 
nined for periods of 3 to7 days. Other weanling rats were fed a 10 per cent 
casein diet containing 10 y of pyridoxine per gm. and single doses of xanthu- 


; mnic acid in the same manner. Under these conditions 11 to 30 per cent of 
} the xanthurenic acid ingested (12 to 20 mg.) was excreted in the urine 
within 1 week by both pyridoxine-deficient and pyridoxine-fed rats. Of 


— 





this 60 to 80 per cent was excreted in the first 2 days, and no more than 14 
percent was excreted in the last 4 days. However, rats, like mice, appeared 
toabsorb xanthurenic acid poorly. 5 to 25 per cent of the dose was excreted 
in the feces, and the combined fecal and urinary excretion was 20 to 40 per 
cent. When 20 mg. of /-tryptophane were fed in this manner to pyridoxine- 
deficient rats, about 15 per cent was excreted in the urine as xanthurenic acid 
md only normal amounts of chromogen were found in the feces. 

Other rats treated in the same manner, but not fasted, were injected 
ntraperitoneally with 14.3 mg. of xanthurenic acid in 1 ec. of 2 per cent 
NaHCO;. 50 per cent (44 to 54) of the xanthurenic acid was excreted in 
the urine by the deficient rats in the following 24 hours, while the rats fed 
wridoxine excreted 58 per cent (50 to 62) (Table II). No more than 2 per 
ent of the dose was excreted in the second 24 hour period, and the excretion 
vas nearly normal by the 3rd day. 0 to 4 per cent was found in the feces. 
When 14.3 mg. of J-tryptophane were injected intraperitoneally into the 
ame rats 1 week later, those deficient in pyridoxine excreted 10 to 12 per 
tnt of the dose as xanthurenic acid during the first 24 hours, while the rats 
meeiving pyridoxine excreted only 0.5 to 1 per cent (Table II). After 3 
days the total urinary excretion was 12 to 16 per cent for the deficient rats 
md about 1 per cent for those fed pyridoxine. 

Thus, both rats and mice excreted a part of administered xanthurenic 
wid in the urine, and in all cases the state of pyridoxine nutrition of the 
imals had no effect on the amount excreted. On the other hand, pyri- 
doxine-deficient animals excreted 10 to 20 per cent of administered /-trypto- 
phane (2) as xanthurenic acid, while similar animals fed pyridoxine excreted 
tomore than 1 per cent. These facts suggest that xanthurenic acid may 
tot be a normal metabolite of tryptophane for either species; for if it were, 
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those receiving adequate pyridoxine should have been able to metabolize 
the administered xanthurenic acid more effectively than the deficient anj. 
mals. The amount excreted would then have approached that found after 
feeding tryptophane with adequate pyridoxine. It would seem therefor 
that one function of pyridoxine is to regulate the metabolism of tryptophane 
by a route that prevents the formation of appreciable amounts of xanthy. 
renic acid. Further, xanthurenic acid was found in the feces only after 
feeding the compound itself, and not after feeding either high casein diets 
or single doses of tryptophane. It appears, therefore, that the xanthurenie 


TaBLeE II 


Urinary Excretion of Xanthurenic Acid by Rats Injected Intraperitoneally with 
Xanthurenic Acid or l-Tryptophane 

















| Xanth Xanthurenic acid excreted 
, Pyridoxine | Xant <7 | Tryptophane oe —— 
_ fed a injected Basal Following Rien above! Per cent 
period injection basal | of dose* 
| Y per gm. | Y Y | Y | 7 Y 
1 0 14,300 | | 42 @6€©6| «67790 « |«CO7e88 | CU 
2 0 | 14,300 | | 247 | 8000 7753 | Bf 
3 10 | 14,300 | 39 | 7180 | 7141 | & 
4 10 | 14,300 | 6 | 8900 | 833 | @ 
l 0 14,300 80 | M90 | M410 | W 
2 0 | 14,300 | 200 | 1950 | 1750 | 12 
3 10 | 14,300 | 110 | 238 128 | 1 
4 10 | | 14,300 | 100 183 8 | <I 








* These figures are for the first 24 hours after injection. Approximately 2 per cent 
more of the injected xanthurenic acid was excreted by each of the rats in the follow- 
ing 24 hours; 2 to 4 per cent more of the injected tryptophane was excreted as xan- 
thurenic acid in the subsequent 48 hours by the pyridoxine-deficient rats, but no 
more was excreted by the control rats. 


acid is formed from the tryptophane principally in the animal body rather 
than in the intestinal tract. 

Relative Activity of Pyridoxal, Pyridoxamine, Pyridoxine, and Lactone of 
5-Carborypyridoxine—Pyridoxal and pyridoxamine have been synthesized 
by Harris, Heyl, and Folkers (7) and may occur in natural products (8). 
These compounds have been reported to be much more active than pyridox- 
ine for certain microorganisms (9) and to have equal or greater activity for 
rats (9). Pyridoxal is necessary for the tyrosine decarboxylase activity of 
Streptococcus faecalis R (10), and may be of importance in transamination 
(11, 12). The substitution of pyridoxamine or pyridoxal for pyridoxine 
the media of Lactobacillus casei or Lactobacillus delbriickii permits maximum 
growth in the absence of lysine, threonine, and alanine, although these 
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amino acids are necessary for appreciable growth when pyridoxine is used 
(13). We have extended these comparative studies by testing the activity 
of pyridoxal and pyridoxamine for mice and rats, with growth and the level 
of xanthurenic acid excretion as criteria of vitamin potency. 

Weanling albino mice were depleted of pyridoxine on a 10 per cent casein 
diet for 14 days, and then fed 45 per cent casein diets containing the follow- 


TaBLe III 


Yanthurenic Acid Excretion and Growth of Mice Fed Diets Containing 45 Per Cent of 
Casein with Pyridoxine Hydrochloride, Pyridozal, ex Pyridozamine (Four 
Mice Per Group) 





| | 07s y 





























307 
. a Livy LS 2.44 7 
—— No pyridoxine; 0.61 y . | pyridene- \pyridoxine| 2.447 | ace, 
i —_—_—— ” | calethe wore Maine aoe pyridoxal | oy 
Xanthurenic acid excreted in urine per gm. diet consumed 
Y | y | ¥ 7 Y 7 Y 
Basal periodt........ 17 145 73 «(| (133 92 100 90 
eS /370 =| 710 | 638 | 289 83 | 158 =| 331 
OS }590 | 507 | 305 | 40 | 137 | 369 
Se | 528 45 56 | «131 
| | 1060 45 27 78 
Average weight 
gm. | gm. | gm. | gm. gm. gm, gm. 
aa 9.5 9.3 9.7} 10.8 9.7 9.7 |° 9.4 
ith “ 8.3 8.6 8.9 9.6 10.9 10.1 9.5 
ith “ | 8.6 12.9 | 13.2 | 10.4 
sist“ | 9.2 16.4 14.5 12.1 
Survival in days... | 12-16 |*>31 13-17} 6-10|/>31 |>31 >31 




















*On a molar basis 0.61 y of pyridoxal or pyridoxamine is equivalent to 0.75 y of 
pyridoxine hydrochloride; 2.44 y are equivalent to 3.0 y of pyridoxine hydrochloride. 

t The figures for the basal period were obtained on the last day of the 14 day basal 
period during which the mice received 10 per cent of casein and no pyridoxine. 


ing supplements per gm.: no supplement, 0.75 or 3.0 y of pyridoxine hydro- 
chloride, 0.61 or 2.44 y of pyridoxal, or 0.61 or 2.44 y of pyridoxamine. 
Thus the three compounds were fed at two levels in equivalent molar quan- 
tities. While 3 y of pyridoxine hydrochloride brought the xanthurenic 
acid excretion close to the normal range in 4 days, 17 days were required 
with an equivalent quantity of pyridoxal and 24 days with pyridoxamine 
(Table III). The mice receiving 2.44 y of pyridoxal grew at a slower rate 
than those receiving pyridoxine for 1 week, after which the growth rates 
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were nearly equal. However, the mice receiving 2.44 y of pyridoxamine 
grew poorly throughout the experiment. By the 17th day the mice reggiy. 
ing 3 y of pyridoxine hydrochloride had gained 3.2 gm., while those receiving 
equivalent amounts of pyridoxal or pyridoxamine had gained 3.5 and 19 
gm., respectively. When the lower levels of these compounds were fed, the 
difference was largely one of survival. The mice receiving no pyridoxine 


died in 14 days (12 to 16), and those receiving 0.75 y of pyridoxine hydro. | 


chloride survived for the duration of the experiment (31 days). On the 
other hand, the mice receiving 0.61 y of pyridoxal or pyridoxamine died ip 
15 days (13 to 17) and 9 days (6 to 10), respectively. The comparative 
excretion of xanthurenic acid by these mice was not considered significant, 
since such values tend to be lower and more variable for a few days before 
death. 

This experiment was repeated with mice that had been depleted for only 
10 days. In the second series the xan‘hurenic acid excretion of the mice 
receiving the high levels of pyridoxal or pyridoxamine fell to the normal 
range after 12 days of administration, while only 2 days were required for 
mice receiving equivalent pyridoxine. Though the mice receiving 2.44 y 
of pyridoxal or pyridoxamine gained only slowly for the first few days, by 
the 12th day their gain (3.2 gm.) equaled that of the pyridoxine-fed mice, 
Of the mice receiving the lower levels of these compounds the most xan- 
thurenic acid was excreted by those on pyridoxamine and the least by those 
supplemented with pyridoxine. After 19 days all of the mice receiving ny 
supplement were dead, while one of the four mice on the low level of pyr- 
doxamine had died. At this time the mice receiving 0.75 y of pyridoxine 
hydrochloride had gained 3.8 gm., while those receiving pyridoxal or pyr- 
doxamine had lost 1.1 and 0.8 gm., respectively. Thus, as determined both 
by their ability to promote growth and to prevent the excretion of xanthu- 
renic acid on diets high in casein, pyridoxamine and pyridoxal appear to be 
less active for mice than pyridoxine. 

Since no data were available on the stability of these compounds in 


rations stored at 5°, we analyzed the diets for their pyridoxine activity. | 


5 gm. of each diet were extracted at room temperature once with 100 ce. 
and twice with 30 cc. of 0.05 n HCl. The extracts were filtered, and the 
residue washed twice with 15 cc. of the acid. The combined extracts and 
washings were then neutralized to pH 4.7, filtered, adjusted to pH 5.2, and 
diluted to contain 15 millimicrograms of pyridoxine hydrochloride or its 
equivalent per cc. The samples were analyzed by the growth of Sac 
charomyces carlsbergensis according to Atkin et al. (14), except that the 
medium and samples were sterilized separately. Standard solutions of 
pyridoxal and pyridoxamine showed activities equal (0.95 to 1.05 times a 
active) to that of pyridoxine. 2 months after mixing, 94 to 100 per cent of 
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amine + the supplements was still present (Table IV). Accordingly, the effects 
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observed could not have been due to the destruction of the vitamins in the 
diets. 
In contrast to the lower activities of pyridoxal and pyridoxamine for 
nice, Snell and Rannefeld (9) have reported that on a weight basis pyri- 
- doxal was 1.2 times as active for white rats as pyridoxine hydrochloride, 
while pyridoxamine was 1.6 times as active. On a molar basis their ratios 
would be 1:1:1.3 for pyridoxine, pyridoxal, and pyridoxamine, respectively. 
Under conditions similar to those used for the experiments with mice, these 
compounds also appeared to be less active for rats than pyridoxine. Wean- 
ing female Sprague-Dawley rats were depleted for 2 weeks on a 45 per cent 


TaBLe IV 


Stability of Pyridoxal, Pyridoxamine, and Pyridoxine Hydrochloride in Synthetic Diets 
(2 Months Storage at 5°) 








Supplement added to diet Quantity found by analysis* 
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| Expressed as as | eeneed as Der cont 
nen ore ia recovery 
| y per gm. y per gm. ¥ per gm. 
Pyridoxine —aenent om ee 0.75 0.75 0.75 100 
Pyridoxal. . a helibaiais | 0.61 0.75 0.73 97 
Pyridoxamine... * cul” ee 0.75 0.72 96 
Pyridoxine hy drochloride. cag L | 3.00 3.00 2.80 94 
AS | 2.44 3.00 2.80 04 
Pyridoxamine.......... Serer) 2.44 3.00 2.90 97 








* Determined by the growth of Saccharomyces carlsbergensis according to Atkin 
dal. (14). Pyridoxal, pyridoxamine, and pyridoxine hydrochloride were found to 
have equal activity on a molar basis. 


casein diet. Groups of four were then fed 45 per cent casein diets contain- 
ing either no supplement, 0.5 y of pyridoxine hydrochloride, 0.41 y of pyri- 


* | doxal, or 0.41 + of pyridoxamine per gm. (molar equivalents). Over a 4 


week period the average gains per week were 2, 8, 5, and 6 gm. for the basal 
group and those supplemented with pyridoxine, pyridoxal, or pyridoxamine, 
respectively. When this experiment was repeated with 0.63 y of pyridoxine 
hydrochloride and 0.51 y of pyridoxal or pyridoxamine per gm. of diet, the 
average weekly gains were 3, 13, 8, and 9 gm., respectively. The supple- 
ments were fed at these levels, since Conger and Elvehjem (15) have shown 
that the growth of rats previously depleted of pyridoxine was approximately 
alinear function of the administered pyridoxine at levels of 2 to 6 y per day. 

Itisnot clear why Snell and Rannefeld (9) found pyridoxal and pyridox- 
amine to have activity equal to or greater than pyridoxine for rats, while our 
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data indicate that they are less active; however, differences in procedure 
might be responsible. Snell and Rannefeld (9) fed male rats a basal diet 
(15) containing 18 per cent of casein, and the daily supplement was ad. 
ministered as a single dose. We fed a diet containing 45 per cent of casein, 
and the supplements were added to the diets in equimolar concentrations, 


Only female rats were used. It is possible that pyridoxal or pyridoxamine | 


might be oxidized more readily than pyridoxine to 4-pyridoxic acid in the 
body. This compound has been isolated from urine after the ingestion of 
pyridoxine (16), and it is inactive for rats (9). 

Since the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxy- 
pyridine has been reported to have antianemic properties for chicks (17) 
and is related structurally to pyridoxine, we tested the activity of this com- 
pound for pyridoxine-deficient mice. Weanling mice depleted of pyridox- 
ine for 8 days on the 10 per cent casein diet were fed 45 per cent casein 
diets containing either no supplement, 0.75, or 3.0 y of pyridoxine hydro- 
chloride, or 2.4 or 8.0 y of the lactone per gm. of diet. On a molar basis these 
amounts of lactone are equivalent to3 and 10 y of pyridoxine hydrochloride, 
The mice receiving no pyridoxine died in 9 days, while those receiving 0.75 
or 3.0 y of pyridoxine hydrochloride all survived for the duration of the 
experiment (21 days). The mice receiving the low level of the lactone lived 
for only 11 days, while those receiving the high level all survived for at least 
18 days. By the 15th day the mice receiving 8.0 y of the lactone had lost 
2 gm., while those receiving 0.75 or 3.0 y of pyridoxine hydrochloride had 
gained 1.0 and 3.7 gm., respectively. As judged by survival, the lactone 
appeared to have slight pyridoxine activity. However, it is also possible 
that small amounts of pyridoxine formed during the preparation of the 
lactone (18) might have been present in the sample used. 


SUMMARY 


1. Mice fed 0.5 or 3.0 mg. of xanthurenic acid per gm. of diet excreted 
about 16 per cent of the acid in the urine. Rats fed single doses (12 to 20 


mg.) excreted 10 to 30 per cent in the urine in 3 to 7 days, while those in-. 


jected intraperitoneally excreted 50 to 58 per cent of the acid within 2% 
hours. The percentage of the doses that could be recovered was essentially 
the same whether pyridoxine was administered or not. 

2. After the intraperitoneal injection of J-tryptophane, pyridoxine- 
deficient rats excreted 12 to 16 per cent as xanthurenic acid in the urine, 
while only 1 per cent was excreted by rats receiving pyridoxine in the diet. 

3. Mice fed xanthurenic acid in the diet excreted about 10 per cent of the 
compound in the feces; rats fed single doses excreted 5 to 25 per cent in the 
feces. No increased fecal excretion was observed after feeding diets high 
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in casein to pyridoxine-deficient or control rats and mice, or after feeding 


single doses of tryptophane to pyridoxine-deficient rats. 


4. The consumption of 3 mg. of xanthurenic acid per gm. of diet for 31 
days had no effect on the growth or survival of control or pyridoxine- 
deficient mice, although these mice excreted as much xanthurenic acid in 


_ the urine as did deficient mice on 45 per cent casein diets. 


5. As judged by both growth and excretion of xanthurenic acid, pyridoxa- 
mine and pyridoxal were less active for mice than pyridoxine. By growth 
tests these compounds also appeared to be less active for rats. A sample of 
the lactone of 2-methyl-3-hydroxy-4-hydroxymethyl-5-carboxypyridine 
had only slight activity for mice. 
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THE COLORIMETRIC DETERMINATION OF ARGININE IN 
PROTEIN HYDROLYSATES AND HUMAN URINE* 
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(From the Department of Pediatrics, The Johns Hopkins University and the Harriet 
Lane Home of the Johns Hopkins Hospital, Baltimore) 


(Received for publication, March 12, 1945) 


The colorimetric estimation of arginine as described by Sakaguchi (1) 
is based on the unstable red color produced by the addition of a-naphthol 
and 0.3 N sodium hypochlorite to an alkaline solution of the amino acid. 
In 1930 Weber (2) and subsequently other investigators (3-7) reported 
that greater color stability could be attained by the substitution of 0.3 Nn 
sodium hypobromite for the hypochlorite, by providing for the destruction 
of excess hypohalite by the addition of urea and carrying out the test at 
4°. A careful study of the various modifications of the original Sakaguchi 
reaction led us to the finding that the difficulties arising from the use of 
sodium hypochlorite are not due to any particular property of the reagent 
as suggested by Weber but are rather a fault of the concentration recom- 
mended by Sakaguchi. In our experiments we have found that the use 
of 0.06 N sodium hypochlorite in conjunction with urea results in a color 
stability greater than that obtainable with 0.3 n or 0.06 N sodium hypo- 
bromite. Our studies have further shown that the use of hypochlorite 
affords the following technical advantages: (a) it permits the performance 
of the test at room temperatures (20-25°) without detectable loss of color 
stability or intensity, (b) it obviates some of the troublesome adjustment 
of reagent quantities to the nitrogen content or composition of the sample 
so necessary with hypobromite, and (c) it yields relatively low reagent 
blank readings. 

The method developed on the basis of these experiments has been ap- 
plied to a number of proteins and has been found to yield results which 
are in fair accord with those obtained by other investigators. In an at- 
tempt to apply the procedure to urine the interference arising from other 
chromogens and the possible presence of glycocyamine and methylguani- 
dine had to be considered and indicated the use of permutit for the separa- 
tion of arginine from the sample (8). However, our inability to elute the 
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adsorbed arginine quantitatively from the permutit by the use of various 


reagents, in the limited quantities permitted by the test conditions, led 
to the adoption of the device of estimating urinary arginine as the difference | 


of the red color values of an aliquot treated with permutit and one not go 
treated. This scheme circumvented all of the apparent difficulties except 
the one contingent on the possible presence of methylguanidine, which 
seems to be unavoidable. The adequacy of this procedure for analytical 
purposes was demonstrated by recovery tests. The analyses of 24 hour 
. specimens of thirty-seven normal adult males (60 to 100 kilos) on normal 
diets have shown the daily arginine output to fall between 50 and 150 mg,, 
which represents but 1 to 2 per cent of the total amino N. However, 
chemical as well as feeding tests failed to permit of an estimation of the 
amount of monomethylguanidine which is included in this urinary arginine 
measurement. 


EXPERIMENTAL 


Reagents— 

Sodium hypochlorite. A 0.06 N solution was prepared as needed from 
the commercially available Clorox. The necessary dilution of the stock 
product was ascertained iodometrically as follows: To 1 ec. of Clorox in 
a 125 cc. Erlenmeyer flask are added 25 cc. of chlorine-free water in which 
has been dissolved 1 gm. of KI. The mixture was then titrated with 0.1 
sodium thiosulfate, 1 cc. of starch indicator being used. The stock product 
has been found to be fairly stable for 3 to 4 months if kept in the refrigerator 
in a brown bottle. 

Sodium hydroxide, 10 per cent solution. 

Urea, 20 per cent solution. 

Permutit. A 60 mesh product was used and was activated as described 
by Whitehorn (8). 

a-Naphthol. 100 mg. of the resublimed product are dissolved in 100 ce. 


of 95 per cent ethanol. The solution is kept in a brown bottle and stored | 


in the refrigerator. 

Arginine standard. 12.05 mg. of I(+)-arginine hydrochloride, Merck 
(26.6 per cent N found), are weighed accurately and dissolved in 100 ce. 
of water. 1 cc. of this solution is equivalent to 100 y of the free base. 
This solution is stored in the refrigerator. 


Analytical Procedure 


Hydrolysates were prepared by refluxing 5.0 gm. samples of the proteins 
with 25 cc. of constant boiling (6 N) hydrochloric acid for 24 hours. The 
total nitrogen content of the hydrolysate is determined directly by micro- 
Kjeldahl analysis (9); the excess of acid is then removed by concentration 

















6 el ae 66D a... oe ees aie” ek Ce Me” 


Typ SoS = on 


fens => 


Bea ewastawtaonsat st a2 2 





rious 
, led 


ence 
ot 80 
cept 
hich 
tical 
hour 


mg ") 
ver, 
the 
nine 


rom 
tock 
x in 
hich 
LN 
uct 
ator 


bed 


) ec. 


red 


orck 
) ee. 


The 


tion 











A. A. ALBANESE AND J. E. FRANKSTON 187 


in vacuo and the humin separated by filtration. Sulfuric acid digests are 
prepared by refluxing 5.0 gm. of protein with 25 ec. of 25 per cent (by 
weight) sulfuric acid (6 N) for 24 hours and removing the acid as calcium 
sulfate. These amounts of protein are of course far in excess of the 0.5 
to 1.0 mg. of hydrolysate nitrogen actually required for the arginine 
determination. 

Aliquots of these hydrolysates not greater than 5 cc. in volume and con- 
taining 100 to 400 y of arginine are measured into 10 cc. graduated Klett- 
Summerson photoelectric colorimeter tubes. If necessary, the volume of 
the sample is adjusted to 5 cc.; 1 ec. of 10 per cent NaOH and 1 ce. of a- 
naphthol reagent are then added with mixing. After 5 minutes, 1 cc. of 
sodium hypochlorite is added, followed exactly 1 minute later by the addi- 
tion of 2 cc. of 20 per cent urea solution. The resulting solutions are 
thoroughly mixed by inverting the tubes and read in the Klett-Summerson 
colorimeter with Filter S-54. The color intensity of the reaction mixture 
has been found to remain constant for more than 15 minutes, so that there 
is no need to hasten the color measurement. A parallel determination is 
also done on an aliquot of the standard containing an amount of arginine 
comparable to that of the unknown. 

Urine—24 hour specimens are collected in brown bottles containing 
50 cc. of 15 per cent HCl (by volume) and 1 ce. of 10 per cent alcoholic 
thymol and are made to a uniform volume of 2 liters before the removal 
of the samples for the determination. The arginine content of the speci- 
mens was found not to change after a storage of 10 days at room tempera- 
ture. 

In order to overcome the interference from glycocyamine and the in- 
tense yellow coloration which forms on treating urine with the reagents 
required for the arginine determination, urinary arginine was estimated 
as the difference in color intensity obtained by performing the test on ali- 
quots of the urine sample before and after treatment with permutit. This 
scheme was adopted after numerous experiments showed that not more 
than 50 per cent of the arginine adsorbed on permutit could be recovered 
by the use of the limited quantities of 3 per cent NaCl (7), 25 per cent KCl 
(8), or 10 per cent NaOH (10) permitted by the conditions of the test. 
On the basis of these experiments the following procedure was developed 
which has proved convenient for routine purpose and is capable of highly 
reproducible results. 20 to 25 cc. of urine (pH 5 to 6) are passed at the 
tate of 1 drop per second through a column of 10 gm. of activated permutit 
contained in a 150 X 15 mm. calcium chloride tube plugged with coarse 
glass wool and fitted with a short piece of rubber tubing and pinch-cock to 
regulate the flow. 5 cc. of this filtrate and 5 cc. of the original urine sample 
are each transferred to 10. cc. graduated colorimeter tubes and treated as 
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already described for proteins. The difference in the readings of such q 
pair of tests represents the arginine content of 5 cc. of urine. 
Calculations— 


colorimetric reading of protein sample 


A 


U = an “ ** 5 ee. urine sample 

P = sg s “5 “ permutit filtrate 

B= + ‘a ‘** arginine standard 

C = " " ** reagent blank 

A’ = A — C, corrected colorimetric reading of protein sample 
U'=U -C, _ ¥ 5 ‘* urine sample 
P’=P-C, ” a " ** permutit filtrate 
B’=B-C, - ** arginine standard 


Then for proteins, mg. of arginine in sample = (A’/B’) X mg. of arginine 


in standard; for urine, mg. of arginine in 24 hour specimen = ((U’ — P’)/ 
B’) X mg. of arginine in standard (total volume of 24 hour specimen)/5, 


Results 


In order to ascertain the analytical efficacy of the modifications made in 
the conditions of the original Sakaguchi reaction suitable aliquots of the 
arginine standard were submitted to the procedure previously outlined 
for protein hydrolysates. The linear relationship of the color intensity 
to the amount of arginine which appears to exist (Fig. 1) is interpreted as 
evidence of the adequacy of the modifications and of the validity of Beer's 
law for the color reaction. This relationship was observed to prevail 
without appreciable deviation over the range 6-26°, but became erratic 
above this temperature. 

The results of experiments designed to test the relative stability of colors 
obtained by the use of different concentrations of hypochlorite and hypo- 
bromite are shown in Fig. 2. The relatively high color stability and low 
reagent blank readings obtained with 0.06 N NaOCl clearly recommend the 
employment of this reagent in the quantitative application of the Saka- 
guchi reaction. 
resulted when (a) 0.01 N instead of 0.06 x sodium hypochlorite was used, 
or (b) the urea reagent was added to the reaction mixture before 0.065 
sodium hypochlorite (6), or (c) the urea addition was omitted. 

The effect of variation in nitrogen content and composition of the sample 
on the arginine color value was also tested and the relevant data are shown 
in Fig. 3. It is evident from these experiments that the use of dilute 
hypochlorite eliminates to a large extent the adjustments of reagent quan- 
tities to the sample characteristics which seem so necessary when 0.3% 
sodium hypochlorite (1) and 0.3 N sodium hypobromite (5) are employed. 
It is to be noted, however, that a marked drop in the normal colorimetet 
readings of the arginine standard (0.20 mg.) was sustained when it was 
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Loss of color stability and high reagent blank readings | 
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tested in the presence of 10-fold quantities of histidine and ammonium sul- 
fate, a condition which is seldom attained in biological products. 


(LESS REAGENT BLANK READING) 
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COLORIMETER READINGS WITH 5-54 FILTER 





Fic. 1. Relation of color intensity to amount of arginine. Each area represents 
the average value and average deviation of ten or more determinations performed at 
0-25°. 
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Fie. 2. Effect of varying the concentration of sodium hypochlorite or hypobromite 
m the color intensity and stability of the Sakaguchi reaction. 0.21 mg. of arginine 
contained in 5 cc. of water was used in each test. The reactions were all performed 
2°, with 1 cc. of 10 per cent NaOH, 1 ec. of 0.1 per cent a-naphthol in 95 per cent 
tthanol, 1 cc. of hypohalite reagent, and 2 cc. of 20 per cent urea solution, making a 

volume of 10 cc. 


The applicability of the modified reaction to the estimation of arginine 
M protein hydrolysate and the urine was further assayed by means of 
teovery tests (Table I). The quantitative recovery of arginine added to 
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different amounts of hydrolysate nitrogen supplements the evidence pre- 
sented below as to the relative lack of sensitivity of the modified reaction 
in respect to variations in the quantity and quality of the sample nitrogen, 

The results of the analyses of some protein hydrolysates are given in 
Table II. Most of the analyses were performed on hydrolysates prepared 
with hydrochloric acid. Commercially available proteins, casein, lactal- 
bumin, gelatin, and cattle fibrin were used without further refinement of 
the products. However, the moisture and ash contents of these products 
were determined and the analytical results corrected for these impurities, 
Human hemoglobin was derived from red blood cells by the procedure of 
Zinoffsky (11). A pancreatic digest of casein containing 32.3 per cent of the 
total N as free amino N was submitted to the analysis without further hy- 
drolysis. Attention is called to the remarkably slight differences in arginine 
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Fia. 3. Effect of differences of sample nitrogen on the arginine N to total N rela- 
tionship of various proteins. These determinations were all performed as described 


in the text. 


values found for the variously prepared casein digests. Also, the values 
obtained for casein, fibrin, and gelatin compare favorably with those pre- 
viously reported by one of us (12) as well as by others (Table III). 
Although the quantitative recovery of arginine added to urine (Table !) 
points to adequacy of the procedure for the determination of arginine in 
the urine, it was considered advisable to secure evidence for the specificity 
of the reaction from excretion tests. To this end fasting normal subjects 
were fed 2.10 gm. (0.01 m) of /(+)-arginine + HCl 2 hours after breakfast 
and given 240 cc. of water at zero hour and 120 cc. more at the end of each 
of the next 4 hours to maintain a uniform flow of urine for the experimental 
period. The urine was collected hourly for 5 hours and analyzed imme- 
diately for arginine, creatine, and creatinine (16) and for urea (17). From 
the typical data shown in Fig. 4 it is apparent that the major portion of 
the ingested arginine is excreted as urea and produces only a slight elev 
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Taste [ 
Recovery of Arginine Added to Protein Hydrolysates and Urine 


























Biological product | Total N | Arginine added “ae otded eyints ‘. 
| a 
még. Y Y per cent 
Casein, Harris (HCI digest) | 0.660 | 169 
| 0.660 103 273 =| «100.5 
| 0.330 84 
0.330 103 186 99.0 
Gelatin, U. S. P. (HCI digest) | 0.543 262 
| 0.543 | 103 365 100.0 
| 0.271 | | 181 
| 0.271 103 | 232 98.0 
sec. Urine A 0.345 45 
0.345 a | 73 101.0 
TaBLeE II 
Arginine Content of Hydrolysates of Some Biological Substances 
: Uncor- : Argini 
Bgl protucr | Hvar | Uae [aoe | Aah | cone AS 
per cent | per cent per cent per cent per cent 
Casein, Harris.......... HCl 13.62 6.80 0.38 14.63 7.93 
lactalbumin, Harris... . ag 11.70 7.00 1.92 12.71 6.00 
Gelatin, U.S. P......... » 14.30 | 12.10 0.42 16.09 | 11.82 
Cattle fibrin, Wilson... . - 15.10 4.03 0.21 15.70 | 13.95 
Casein, Sheffield......... H,.SO, 12.50 7.70 
" Re ett Pancreatin* | 12.50 7.74 
Human hemoglobin... .. HCl 13.96 7.70 























* Kindly supplied by the Takamine Laboratory, Inc. 


TasB_e III 


Comparison of Results of Arginine Analyses of Proteins by Modified Sakaguchi 
Reaction and Other Methods 


























Arginine N in per cent of total N 
Investigators Method 

Gelatin Cattle fibrin Casein 
EE ee Colorimetric 11.82 | 13.95 7.93 
Ro acs coauccen Electrolytic 11.62 13.98 7.35 
Van Slyke (13)...................] Van Slyke 14.70 | 13.2-14.3 7.40 
Hunter and Dauphinee (14) ...... Arginase 15.68 | 14.31 7.95 
ETS Diflavianate 15.30 | 14.80 7.70 








tion in the arginine output and no rise in the creatine and creatinine levels 
(18). The evidence derived from these experiments suggests that our test 
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is a measure of arginine, but the possibility that it may also include or be 
due to methylguanidine must be borne in mind and will be discussed later. 

Results of the arginine analysis of 24 hour urine specimens of sevep 
normal adult males on normal diets are given in Table IV. The amino 
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Fic. 4. Urinary output of arginine and other metabolites of a fasting subject, A, 
male, after administration of 0.01 mole (2.1 gm.) of /(+)-arginine + HCl. The solid 
lines indicate excretion after ingestion of arginine and the broken lines normal urinary 


output. 


Taste IV 


Relation of Arginine Excretion to Total N and Amino N Output in Normal 
Adult Male 


Arginine amino 








Subject | Body weight Total N | Amino N Arginine YY of amino N 

— ow woe a 
Br | 103.0 | 19.4 | 596 60 0.87 
Vow. ee | 74 | Oo 60 0.69 
REE | 44 | 15.8 459 108 =| «1.94 
Tinie. ace ine ..J 392 68 1.39 
tetsi...008 el | Men L, oe |: le 1,17 
Me....... | 90.7 | 15.5 408 36 0.71 
Sh... | 68.0 | 138 | 459 70 1.23 








N (19) and total N (9) contents of these specimens were also determined and 
it appears from these data that arginine amino N constitutes from 1 to2 
per cent of the total amino N. These values are representative of those 
obtained from the study of thirty other normal adult males. It is si¢- 
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nificant that the arginine output of eight subjects whose urine was examined 
for 60 consecutive days was found to exhibit considerable individual di- 


yal variation. 
Comments 


The experiments reported here indicate that the use of 0.06 Nn NaOCl in- 
stead of 0.3 N NaOBr in the Weber modification of the Sakaguchi reaction 
results in greater color stability and intensity. The greater accuracy and 
convenience of operation which arise from these factors and the findings 
that our modification of the reaction can be performed at room tempera- 
tures without the careful adjustment of reagent quantities employed ac- 
cording to the concentration of arginine in the sample recommend the 
method for studies requiring numerous arginine determinations in proteins 
or urines. 

In considering the significance of the urinary arginine measurement it 
must be borne in mind that of the ten guanidine derivatives shown by 
Poller (20) to react positively in the Sakaguchi test only three, arginine 
(21), glyeocyamine (22), and monomethylguanidine (23), are definitely 
known to occur in human urine. Inasmuch as glycocyamine is not ad- 
sorbed by permutit (7), a positive test in the urine by any procedure based 
on the Sakaguchi reaction would indicate the presence of either arginine or 
monomethylguanidine or both. The similarity of these two compounds in 
this and other chemical characteristics makes their separation most difficult 
even by isolation techniques. Although our feeding experiments show that 
some dietary arginine may be excreted as such, they do not preclude the 
possibility that the measurement does not include some methylguanidine 
which might be derived metabolically from the ingested arginine. At- 
tempts in this experiment to estimate by the arginase reaction (14) what 
proportion of the urinary arginine as measured by the Sakaguchi test was 
rally arginine failed owing to technical difficulties. In this connection, 
however, it is important to note that Mueller (24) was able to isolate appre- 
table quantities of arginine from the urine of rabbits fed unusually large 
amounts of arginine carbonate. 

The effect of the ingestion of racemic arginine monohydrochloride on 
the output of arginine and other metabolites is under investigation. 


SUMMARY 


It has been found that the substitution of 0.06 N sodium hypochlorite 
for 0.3 N sodium hypobromite in the Weber modification of the Sakaguchi 
reaction affords greater convenience of operation and accuracy of the de- 
mination of arginine in protein hydrolysates and human urine. The 
uginine values for protein hydrolysates obtained by this method are com- 
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pared with those secured by other techniques. The urinary analyses of 
24 hour specimens from thirty-seven normal adult males indicate that 50 
to 150 mg. of arginine are excreted daily. The possibility that a portion 
or all of this measurement may be due to the presence of methylguanidine 
is discussed. 

We wish to thank Miss Virginia Irby for some determinations performed 
in connection with this work. 
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INTERACTION BETWEEN PROTEINS AND SYNTHETIC 
DETERGENTS 


Il. ELECTROPHORETIC ANALYSIS OF SERUM ALBUMIN-SODIUM 
DODECYL SULFATE MIXTURES* 


By FRANK W. PUTNAM ano HANS NEURATH 


(From the Department of Biochemistry, Duke University School of Medicine, 
Durham, North Carolina) 


(Received for publication, March 21, 1945) 


Many biological reactions depend on interaction between proteins or 
between proteins and other ionizable organic compounds of high or low 
molecular weight. Characteristic examples of protein-protein interaction 
are found in certain antigen-antibody reactions, in the combination of 
enzymes with protein substrates, and in the serum protein system. Com- 
plex formation of proteins with protamines or with nucleic acids exemplifies 
combination with other high molecular weight compounds, while conju- 
gation with acidic or basic prosthetic groups as in the respiratory, lipo-, 
and glycoproteins represents the reaction with lower molecular weight 
substances. Moreover, recent work indicates that certain ionizable 
bacteriostatic agents, such as penicillin (2) and the sulfonamides (3), 
as well as ionic bactericides, such as the synthetic detergents (1, 4-6), 
combine with the plasma proteins. 

While most cases of complex formation with proteins may be satis- 


| factorily explained on the basis of electrostatic attraction between molecules 


of opposite sign of charge, other examples exist in which interaction persists 
in the pH region in which both the protein and the other large organic 
ion are of like sign. The question arises as to what are the forces and 
foci of attraction and what significance should be attached to the union. 

An explanation may be sought in the concept of the relative affinity 
of enions for proteins, first proposed by Steinhardt et al. (7). Among 
the anions of highest affinity are long chain sulfates and sulfonates which 
have been shown to be both excellent protein precipitants (1) and de- 
naturants (6, 8). The purpose of this investigation has been to study the 
system crystalline horse serum albumin-sodium dodecy] sulfate as a simple 
analogue of both the general phenomena of protein interaction with ion- 


_ itable compounds and of protein denaturation. In the first paper of this 


*The first paper of this series described the effect of detergents on the precipita- 
tion of horse serum albumin (1). 

A preliminary account of this work has been given (Federation Proc., 4 (1945), in 
press). 


195 








196 PROTEINS AND SYNTHETIC DETERGENTS. II 


series (1) it was shown that on the acid side of the isoelectric point the 
precipitation of serum albumin was dependent on the mole ratio of deter- 
gent to protein. Subsequent viscosity studies have indicated that de 
naturation on the basic side of the isoelectric point was likewise dependent 
on this ratio (9). These findings have prompted an electrophoretic inves. 
tigation of the interaction between these two compounds, the results of 
which are presented herein. The third communication of this series! 
describes an investigation of the molecular kinetic properties of the resulting 
complexes. 


EXPERIMENTAL 


Materials and Methods—The materials used in this investigation were 
five times crystallized horse serum albumin,’ containing 0.1 per cent car- 
bohydrate, prepared as previously described (1), and purified sodium 
dodecyl sulfate. Stock solutions were prepared by dissolving weighed 
amounts in phosphate-NaCl buffer, pH 6.8 (determined with the glass 
electrode at 25°). The composition of the buffer was 0.025 m NaH,PQ, 
0.025 m Na,HPO,, and 0.10 m NaCl, ionic strength 0.2. The nitrogen 
content of the protein solutions was ascertained by Kjeldahl analysis. 
The Tiselius electrophoresis apparatus used in this investigation was 
equipped with the Philpot-Svensson optical system and has already been 
described (10). 

The serum albumin was electrophoretically homogeneous in the buffer 
of pH 6.8, both at 1° and 20° (see Experiment 1, Fig. 1, and Experiment 
7, Fig. 2). The dodecyl sulfate migrated with a single boundary at 20° 
(Experiment 8, Fig. 2) but could not be analyzed at 1° because of its limited 
solubility (about 0.05 per cent). However, in the presence of protein, 
sodium dodecyl sulfate was soluble at 1° at concentrations as high as 
1 per cent, provided the proportion of detergent to protein did not exceed 
about 0.45 to 0.50 gm. of detergent per gm. of serum albumin. [If this 
proportion was exceeded, even at low absolute detergent concentrations, 
a crystalline precipitate was obtained, which was identified as alkyl 
sulfate. These preliminary experiments defined the concentration range 
suitable for electrophoretic study of complex formation at 1°. 

Electrophoresis at 1°—Protein-detergent mixtures of constant detergent 
concentration (0.30 per cent) and varying protein concentration were 


prepared by mixing the stock solutions and diluting with buffer to a known 


' Manuscript in preparation. 
? We are indebted to the Lederle Laboratories, Inc., Pearl River, New York, fors 


supply of horse serum. 4 
* Obtained through the courtesy of Dr. 8S. Lenher of the Fine Chemicals Division 
of E. I. du Pont de Nemours and Company, Inc., Wilmington, Delaware. For the 


chemical analysis see the preceding paper (1). 
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volume. To insure complete interaction, the solutions were allowed to 
stand overnight at room temperature. Dialysis of the mixtures was 
omitted in order to avert loss of detergent and concomitant changes in 
composition. This expedient was justified since (a) the measured con- 
ductivities of the buffer and the solutions differed by less than 1 per cent, 
and (b) the 6- and e-boundaries did not exceed the usual order of magnitude 
(cf. Fig. 1). 

Representative electrophoretic diagrams, printed from the original plates, 
are given in Fig. 1. The initial boundary is represented by the pair of 
vertical lines, and is distinguished on the ascending (left) and descending 
(right) sides, respectively, by the slow moving 6- and ¢«-boundaries (11). 
The arrows indicate the direction of migration. Since all of the photo- 
graphs were taken after electrophoresis for the same length of time (14,400 
seconds) and at essentially the same field strength (4.66 to 4.72 volts per 
em.), the mobilities of the respective components may be compared directly 
by inspection of the distance of migration from the origin. The com- 
ponents, labeled A, /, 2, and D, were identified by their respective mobil- 
ities, the relative constancy of which may be ascertained by reference to 
Table I. 

Mobilities were determined from the descending pattern at several 
different times of electrophoresis and were found to be constant within the 
experimental error.‘ Mobilities calculated from the ascending pattern 
likewise showed satisfactory constancy throughout a given experiment, 
as well as from experiment to experiment. 

Inspection of Fig. 1 reveals several boundaries which, in order of in- 
creasing mobility, correspond to albumin, labeled A, a first complex, 
j,asecond complex, 2, and a trace of material, D, believed to be detergent. 
The relative proportions of the components, as determined by planimeter 
measurements of the area from tracings of the enlarged photographs, 
are given in Table I.° Since the specific refractive index increments of 

*Mobilities were calculated in the customary manner from measurements of the 
displacement from the origin of the maximum ordinate of the constituent boundaries. 
For diffuse boundaries, not completely separable by electrophoresis, mobilities were 
determined by measurement of the displacement of curves resolved in the manner of 
Tiselius and Kabat (12). In this investigation no attempt was made to correct mo- 
bilities derived from the ascending pattern for the dilution at the 6-boundary, nor to 
correct mobilities obtained from the descending pattern for the viscosity of the 
protein-detergent mixtures. 

*The center of the illuminated boundary lines was used in the measurements of 
areas (private communication by Dr. G. R. Cooper). Overlapping gradients were 
resolved by the method of Tiselius and Kabat (12). Analysis of the area distribution 
of sharp gradients was facilitated by reducing the slit angle from the conventional 
used in Fig. 1. We are indebted to Mrs. Jane Sharp for carrying out some of the 
graphical analyses. 











Electrophoretic analysis of serum albumin-sodium dodecy] sulfate mixtures 
Since 


Fig. 
at | For the composition of the mixtures in Experiments | to 6 see Table I 
all experiments were run for the same time (14,400 seconds) at essentially the same 
1.66 to 4.72 volts per em.), the constancy of the mobilities of compo- 


and D may be observed by comparing directly the displacements of the 
starting boundary, characterized by 


field strength 
nents A, 1, 2, 


respective boundaries from the common origin 
the pair of vertical lines The arrows denote the direction of migration; right, 
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albumin and sodium dodecyl sulfate differ (see below), the area 
tion only approximates the relative weight proportion of the 
ts. 
proportion of the components, and therefore their composition, 
not change with time of electrophoresis. Area distribution measure- 
on the descending side after 4 hours of electrophoresis give the 
results as after 2 hours. Moreover, the distribution among the 
ents is nearly the same on both sides of the cell (Table III). How- 
, small differences are evident; 7.e., traces of A and D on the descending 


TABLE I 
horetic Analysis of Serum Albumin-Sodium Dodecyl Sulfate Mizxtures* at 1° 


















































Composition Relative areat Mobility, 10-* sq. cm. volt! sec. 

Ey Atbumin| Tene | 4 | 1 2 D A 1 2 D 

dag — per cent | per cent | per cent | per cent 

0.81 | 0 100 4.9 

1.98 0.30 | 26.0 72.5 (1.4) 5.1 7.5 (11.8) 

0.99 | 0.15 | 26.4 73.6 5.2 7.8 

1.49 | 0.30 | 10.0 89.6 (0.4) 5.3 7.8 (12.5) 

0.99 | 0.30 (0.6) | 57.5 41.0 (0.9) | (4.9) 8.1 9.8 (13.1) 

0.79 | 0.30 (0.7) | 28.0 69.6 (1.6) 8.0 9.9 (13.0) 

0.59 | 0.30 98.0 | (2.0) | 10.4 | (13.4) 





values given in parentheses are only approximate, since they approach the 
of optical resolving power of the apparatus. 

All experiments were performed in phosphate-NaCl buffer, u = 0.2, pH 6.8, at 
oF 4 hours at constant field strength varying from experiment to experiment 
m 4.66 and 4.72 volts percm. Data calculated from descending pattern after 
migration. 

ese figures refer to area proportions only and not to weight percentage com- 
(see the text). 

“hours migration; D boundary migrated out of the visual field. 


d boundary splitting of complex J on the ascending side. It is 
hy that the distribution among components is not a function of 
istergent concentration but merc'y of detergent to protein ratio (compare 
Experiments 2 and 2a, Table I). 

Electrophoresis at 20°—Analysis of the electrophoretic data obtained 
at 1° was hindered by the lack of a mobility value for pure sodium dodecyl 








descending; left, ascending boundary. The figures between the patterns represent 
the experiment numbers. 

Fig.2. Electrophoretic analysis of serum albumin-sodium dodecy] sulfate mixtures 
2°. For the composition of mixtures in Experiments 7 to 12 see Table II. Expo- 
sures made at different times of migration are superimposed on the same plate. The 
«tows denote the direction of migration; right, descending; left, ascending boundary. 
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sulfate and of a factor relating area to weight concentration. It was algo 
uncertain whether complexes / and 2 had the same composition at room 
temperature, where viscosity and diffusion measurements were made, ag 
at 1°, and whether in higher concentrations than could be obtained at 
1° additional detergent was bound to complex 2. Accordingly, electro. 
phoretic measurements were undertaken at 20°. 

Tiselius’ early experiments show that at 20° heat convection may be 
minimized by reduction in potential gradient and increase in time of electro- 
phoresis and that the maximum allowable heat effect is about 10 x 197 
watt per cc. (13). As a test for the absence of convection currents, pure 
serum albumin was exhaustively dialyzed against buffer (pH 6.8) and 
subjected to electrophoresis at 20° for 20 hours at 0.428 volt per em. 
Calculations show that under these conditions the resulting heat effect 
is below the critical level and but slightly higher than that obtained by 
Tiselius in his work at 20° with the thermally relatively inefficient cylin- 
drical cell. 

Photographs were taken successively after 4, 8, 12, and 20 hours, and 
superimposed on the same plate (Experiment 7, Fig. 2). These pattems 
are distinguished by a notable symmetry of the ascending and descending 
boundaries and by the absence of any visible 5- and e-boundaries. The 
mobilities on each side and the areas under the individual boundaries 
remained constant with time. The mobility values calculated from the 
ascending and descending patterns were in excellent agreement with each 
other; 7.e., 10.02 and 9.86 X 10-5 sq. cm. volt sec.—', respectively (un- 
corrected for viscosity). The slight skewness of the boundaries is also 
observable at 1° on prolonged electrophoresis and is probably related to 
the recognized electrophoretic complexity of crystalline horse serum al- 
bumin (14). It follows, therefore, that under the conditions just described, 
thermal convection played no significant part in the electrophoretic ex- 
periments at 20°. 

The electrophoretic pattern of a 1.20 per cent solution of undialyzed 
sodium dodecy] sulfate in phosphate buffer of pH 6.8 is shown in Fig. 2, 
Experiment 8. Here, again, the mobilities remained constant with time 
though the ascending boundary migrated faster than the descending one. 
The tendency of the former to become sharper, and of the latter to become 
more diffuse, may be attributed to the enhanced dilution effect at the 
é-boundary as well as to an electrophoretic disturbance of the micelle 
molecule equilibrium of the detergent. 

In order to determine whether the composition of complexes 1 and ? 
was the same at 20° as at 1°, a mixture of albumin and detergent core 
sponding to that used in Experiment 4 (Table I) was studied at 20°. Ares 
measurements yielded values of 56 per cent for complex / and 44 per cent 
for complex 2, in good agreement with those obtained at 1°. The com 
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ponents were identified by their mobilities (corrected to 1°). Since, at 
the same mixing ratio, the component distribution was approximately 
the same at the two temperatures, their composition must be essentially 
independent of temperature. 

Since at 20° sodium dodecyl] sulfate-albumin mixtures were found to 
besoluble at pH 6.8 in all proportions, mixtures were prepared in which the 
detergent to albumin ratio exceeded that corresponding to complex 2, with 
the object of determining the presence and composition of higher complexes. 
In Experiments 10 to 12, the albumin concentration was varied over a 
fold range, at a constant detergent concentration of 0.6 per cent. These 
concentrations correspond approximately to detergent-protein ratios of, 
respectively, 3, 1, and 2, as compared to the ratio of } for the homogeneous 


TABLE II 
Blectrophoretic Analysis of Serum Albumin-Sodium Dodecyl Sulfate Miztures* at 20° 




















Experi Composition | | Mobility,t 10-5 sq. cm. volt~ sec. 
a | on | Deter. | ome | 
* | Albumin gent | A | 1 2 AD, D 
a if hrs. 
7 0.72 | 0 4, 8, 12, 20 5.8 
8 | 0 1.20 | 2,4,6,8 18.1 
9 0.99 | 0.30 22 | 8.0 9.4 
10 0.84 0.60 4,8 | 10.6f 
li | 0.56 | 0.60] 4,8 | 11.8t 
12 0.28 | 0.60 12 | 13.0 17.0 

















* All experiments were performed in phosphate-NaCl buffer, 1» = 0.2, pH 6.8, 
at 20°, at constant field strength varying from experiment to experiment between 
0.403 and 0.434 volt percm. Data for descending boundary only. 

t Mobilities corrected to 1° (see the text). 

t Calculated from the displacement of the maximum ordinate. 


complex 2 at 1° (Experiment 6). While Experiments 10 and 11 yielded 
angle boundaries, close inspection of the forward edge of the descending 
pattern reveals a skewness which approaches a definite separation in 
Experiment 12. Moreover, the calculated mobility of the complex 
(Table IT) increases linearly with the proportion of detergent in the mixture. 
The mobility of the faster migrating boundary in Experiment 12 approaches 
that of pure detergent. 


"In order to facilitate comparison of the experiments at the two different tempera- 
tures, mobilities at 20° were converted to 1° by a factor (0.59), account being taken of 
the viscosity difference of the solvent (water). This factor was approximately equal 
the ratio of the conductivities of the buffer at the two temperatures (0.61). This 
torrection is approximate, because it does not take into account the temperature 
tefficients of the dissociation constants of the protein and the buffer or the effect on 
the micelle-molecule equilibrium of the detergent. 
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In Experiment 12, electrophoresis was definitely anomalous in regard 
to asymmetry of patterns on the two sides of the cell. While a precige 
value could not be assigned to the mobility on the ascending side, the 
approximate value is intermediate between that exhibited by the slower 
moving complex and the faster moving detergent on the ascending side. 

Composition of Complexes—The dependence of the precipitability, 
viscosity, and electrophoresis of protein-detergent mixtures on the weight 
ratio of the two substances, rather than on their absolute concentrations, 
suggests the formation of stoichiometric complexes of discrete composition, 
To test this hypothesis, an attempt was made to calculate the composition 
of the electrophoretic complexes by the method of Longsworth and Mae- 
Innes (15). It was realized, however, that the presence of four possible 
components in this system rendered such calculations hazardous. 

Component composition was calculated in the following manner. Arbi- 
trary factors relating weight concentration to area units were obtained for 
pure serum albumin and sodium dodecyl sulfate at 20° by planimetric 
integration of the tracings of the enlarged electrophoretic diagrams. These 
factors depend on the specific refractive index increments of the substances 
in solution and on apparatus and planimeter constants. The factors 
obtained were, for albumin, K*; = 5.56 X 10%, and for detergent, K% = 
10.65 X 10-*. The products of these arbitrary constants and of the 
respective specific refractive index increments measured in the phosphate 
buffer with an Abbe refractometer were in good agreement; 7.e., 1.16 and 
1.23 X 10~. 

In the same manner, a constant was calculated for pure serum albumin 
at 1°, K, = 5.6, X 10-. With this factor, the concentration of free 
albumin in mixtures of albumin and complex / was calculated from its 
area after correction for the 6 dilution effect. The result is given on 
Line 8 of Table III. This amount was subtracted from the total albumin 
concentration, yielding the amount of albumin combined (Line 9, Table 
III). It was assumed that all detergent present was combined, the trace 
of unknown component D being neglected. The ratio of these two values 
gives the composition of complex / in gm. of detergent per gm. of albumin 
(Line 10, Table III). The values obtained for Experiments 2 and 3 are, 
respectively, 0.21 and 0.22. It is of interest that, if the difference in 
refractive index increments of the components be neglected, the composition 
of complex / in the two experiments is calculated to be 0.22 and 0.23 
gm. of detergent per gm. of albumin. Accordingly, 0.22 gm. of detergent 
per gm. of albumin was accepted as a fair estimate of the composition 
of complex /. 

An estimate of the composition of complex 2 was made in the same 
manner. However, it was first necessary to calculate the arbitrary area 








1 


Sees erca 


Ry 





le 














F. W. PUTNAM AND H. NEURATH 203 


constant of complex / from the areas and concentrations given in Table 
ll (Ki = 7.2 X 10). Now, with the assumption that in mixtures of 
jand 2 the composition of complex 7 remained constant, the composition 


of complex 2 was calculated by difference. For Experiments 4 and 5, 


the values of 0.44 and 0.45 gm. of detergent per gm. of albumin were 
obtained. In order to calculate a value from Experiment 6, it had to 
be assumed that the refractive index increment of pure detergent was the 
ame at 1° as at 20°, and that component D represented pure detergent. 
The resulting value was 0.45 gm. of detergent per gm. of albumin. 


TABLE III 


Representative Calculation of Composition of Serum Albumin-Sodium Dodecyl Sulfate 
Complex from Electrophoretic Measurements at 1° 





| | 





Experiment 1 Experiment 2 Experiment 3 





























| j 
| 
| (ree eres pee EE 
| Ascending banat! Ascending | Descending | 2hrs. | 4 hrs. 
erry area units | area unils | area units area units area units 
l | A* 133.2 | 138.9 | 71.3 | 78.2 22.4 20.1 
ee | | 185.6 | 218.5 | 201.9 | 202.1 
3 |e | | | 
4 D | (4.2) (1.0) (1.4) 
5 Sore 11.4 | 5.6 | 63.4 | 26.4 21.6 19.1 
6 Total | 144.6 | 144.5 | 320.3 | 327.3 | 246.9 | 242.7 
De mem , = gm. gm. | gm. gm. 
7 A taken | 0.81 | 0.81 | 1.98 | 1.98 1.49 1.49 
8 | “ free |; 0.81} 0.81 | 0.56 | 0.48 | 0.14 | 0.13 
9 |“ combined | 0 | 0 1.42 | 1.50] 1.35] 1.36 
1 | Dper gm. A | | 0.21 | 0.20} 0.22 | 0.22 
| in complex 
1 


| 








The values given in parentheses are only approximate, since they approach the 
limit of optical resolving power of the apparatus. 
*A,1,2,and D denote, respectively, albumin, complexes / and 2, and detergent. 


A test for the constancy of composition of the complexes was based on 
the assumption that the percentage distribution of the areas closely approxi- 
mated the percentage distribution of the concentrations of the individual 
components. The error involved in this assumption was small, since 
(a) mixtures of detergent and albumin gave patterns in which either the 
pair albumin-complex / or complex /-complex 2 was present, and (b) 
for each pair the measured refractive index increments of the components 
differed by but 10 per cent. At mixing ratios intermediate between those 
corresponding to either pure albumin and pure complex /, or pure complex 
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1 and pure complex 2, the area distribution between the components was 
found to be a linear function of the mixing ratios (data of Table I), 

Calculations of the composition of the complexes formed at 20° in soly- 
tions with detergent to albumin ratios of 7, 1, and 2 were hindered by 
increasing skewness of the descending boundary. Since only at the highest 
ratio studied was free detergent observable, it may be assumed that above 
a mixing ratio corresponding to complex 2 complexes of variable composi- 
tion are formed up to a mixing ratio of about 1. This interpretation is 
supported by the data of Experiment 12 from which the combining ratio 
of the complex, represented by the slower moving boundary, was calculated 
to be 0.28 gm. of detergent per 0.28 gm. of albumin. The skewness of 
the boundaries observed in these experiments may be ascribed to partial 
dissociation of loosely bound detergent under the influence of the electric 
field. 


DISCUSSION 


Studies of the interaction of proteins and other colloids have revealed 
the phenomenon to be predominant in the pH region in which the particles 
bear opposite net electrical charges. For mixtures of proteins and other 
amphoteric substances (first type) interaction is generally restricted to the 
interisoelectric region, whereas, for mixtures of proteins and high molecular 
weight anions (second type), complex formation usually occurs only on 
the acid side of the isoelectric point or in the isoelectric range. (The 
analogous case of the interaction between high molecular weight cations 
and proteins is also to be recognized.) It is reasonable to assume that 
where interaction is restricted to the pH region of opposite net charge, 
the operating forces are electrostatic (interionic), whereas, if interaction 
extends to pH regions at which the reacting components carry net charges 
of like sign, the operation of forces not wholly ionic may be admitted. 

However, as has been pointed out in a discussion of this problem (16), 
a third type of ionic interaction may exist; i.e., “if one component of 4 
mixture were protein (amphoteric) while the other were actually or poten- 
tially a relatively low molecular weight electrolyte (such as a detergent), 
ionic interaction could occur in ranges of pH where both components pos 
sessed the same sign of net charge provided there still existed ionized 
groups, on the protein, having a sign of charge opposite to that of the net 
charge.” 

Several systems exemplifying each of these three types of interaction 
have been studied electrophoretically; e.g., the formation of protein- 
protein complexes in egg white in the interisoelectric region (first type 
(17)), complex formation between egg albumin and yeast nucleic acid 
(15) which ceases just above the isoelectric point (second type), and between 
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albumin and detergent mixtures on the alkaline side of the isoelectric 
point (third type (5)). 

It should be observed that the formation of stoichiometric complexes, 
the composition of which is independent of pH and absolute concentration, 
proceeds most readily in the third type of interaction. For, it is the only 
ease in which combination may be postulated to occur between the ion 
and individual charged groups on the protein. Though the net charge 
of the amphoteric protein varies with pH, there is a wide region in which 
all groups capable of salt-like combination with a low molecular weight 
jon are fully ionized. The extent of combination, as studied by electro- 
phoresis, depends (a) on the affinity of the anion for the protein, and 
(b) on the degree to which the union resists dissociation under the influence 
of the electric field. Longsworth and MacInnes (15) have discussed the 
manner in which the equilibrium will shift to meet the altered conditions 
produced by electrophoretic separation. 

The electrophoretic behavior of mixtures of serum albumin and sodium 
dodecyl sulfate is characterized by three phenomena: (a) at pH 6.8 not 
one but two complexes of definite composition are formed, their distribution 
depending on detergent to protein ratio; (b) at 1°, practically all of the 
detergent is combined; (c) the mobility of the components and the per cent 
area distribution are constant with time, and are comparable for the two 
sides of the cell. The symmetry of the ascending and descending patterns, 
with regard to number, displacement, and area distribution of boundaries 
isan indication of the formation of well defined complexes. 

Since an equilibrium exists between detergent in the micellar state 
(molecular weight about 20,000)! and in the unaggregated form (mole- 
cular weight 288.4), binding of single detergent anions with individual 
reactive protein groups may take place stoichiometrically. The composi- 
tion of complex / as determined by electrophoresis at pH 6.8 (i.e., 0.22 
gn. of detergent per gm. of albumin) corresponds to the minimum ratio 
required for complete precipitation of the protein at pH 4.5 (1). Similarly, 
the electrophoretic composition of complex 2 at pH 6.8 (7.e., 0.45 gm. 
of detergent per gm. of albumin) closely approximates the maximum ratio 
producing complete precipitation at pH 4.5. Intermediate mixing ratios 
correspond to the “equivalence zone” of the precipitation curve, and to 
varying distribution of the two complexes observed in electrophoresis. 
In the study of the viscosity behavior of protein-detergent mixtures, 
asimilar correlation has been noted.! This correspondence of data suggests 
that combination is independent of pH within the range 4.5 to 6.8. Ac- 
cordingly, interaction must involve protein groups, presumably cationic, 
Which remain fully ionized in this region. 

Recent analytical data of Brand et al. (18) indicate that horse serum 
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albumin (carbohydrate-free Fraction B) contains 117 basic groups per mole 
(molecular weight 70,000). Of these, 62 or about one-half are strongly basie¢ 
(guanidinium and ¢-amino) and are positively charged at reactions acid to 
pH 8 (19); of the remainder, thirty-five (a-amino) are practically fully 
ionized at pH 6.8, and the rest (twenty imidazole) are about 50 per cent 
ionized. Accordingly, about 110 groups are positively charged at this 
pH. If the composition of complex 2 is taken as 0.45 gm. of detergent 
per gm. of albumin, it may be calculated that this corresponds to the binding 
of 109 moles of sodium dodecyl sulfate per mole of albumin; 7.e., each 
positively charged group binds 1 detergent anion. Similarly, the com- 
position of complex / (0.22 gm. of detergent per gm. of albumin) corre- 
sponds to the binding of 54 detergent anions; t.e., equivalent to one-half 
the number of positively charged groups.’ 

Steinhardt et al. (7) have already shown that the anions of many strong 
acids undergo a reversible stoichiometric combination with both soluble 
and insoluble proteins. Thus, dodecyl sulfonate and dodecyl] sulfate are 
almost quantitatively transferred from the solution to the protein in an 
amount equivalent to the sum of the basic groups of the proteins. The 
relationship of stoichiometric anion combination to the precipitation of 
proteins is also borne out by the observation that, in metaphosphoric 
acid protein precipitates, the combined metaphosphate is equivalent to 
the number of positively charged groups of the protein (22). 

In a subsequent paper! the structure of the stoichiometric complexes 
of serum albumin and sodium dodecy] sulfate will be discussed. Suffice it 
to point out here that the protein groups which combine to form complex ! 
may differ from the remainder in basicity, accessibility, or structural 
function. It is recognized that the experimental error involved in the 
measurement of electrophoretic component distribution places limits 
upon an accurate determination of the composition of these complexes, 
and that the subsequent designation of complexes / and 2 as, respectively, 
AD, and AD», or ADs and ADyp, is a convenient approximation. 

The close correspondence of the number of positively charged protein 
groups with the number of detergent anions bound per mole is good in- 
dication that ionic forces are involved in interaction. It should be pointed 
out that the apparent additivity of the net charges of detergent and protein, 


7 It is of interest to calculate the number of moles of Nacconol bound per mole of 
egg albumin (5). If the complex is assumed to have a composition of 25 per cent de- 
tergent of an average molecular weight of 323, and egg albumin a molecular weight of 
45,000, the calculated mole ratio is 46, or approximately 1 mole of detergent for each 
of the forty-one cationic groups of egg albumin (20). In this connection it is also 
noteworthy that surface film measurements (21) indicate the formation of two well 
defined complexes of sodium dodecyl sulfate with egg albumin, one containing 17 
moles of detergent per mole, the other one 32 moles. 
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gs evidenced by the intermediate mobilities of the complexes, is no proof 
that the ionizable groups of each component are free and that non-polar 
forces are responsible for attraction (23). With the binding of each deter- 
gent anion, the resultant contribution to the net charge is the same whether 
the anion is bound by non-polar forces and the charged group remains 
free, or whether it reacts with a single positively charged protein group, 
thereby masking the latter’s charge. 

The present data fail to reveal the exact composition of complexes 
higher than ADjo, or the forces involved in their formation. Although 
at 20° single boundaries have been obtained when the detergent to al- 
bumin ratio was varied within the range of 0.45 (corresponding to complex 
ADyo) to 1.0, it appears that in this range some detergent anions are 
loosely bound. This is evidenced (a) by the skewness of the boundaries 
arising upon prolonged electrophoresis, and (b) by the ease with which 
detergent may be removed by shifting the equilibrium between free and 
combined detergent by freezing. The evidence for the latter is as follows: 

Two detergent-protein mixtures, corresponding in composition to, 
respectively, AD2, (0.84 per cent detergent and 1.86 per cent albumin) 
and AD,, (1.67 per cent detergent and 1.86 per cent albumin), were pre- 
pared at room temperature and, after 24 hours standing, were stored at 
(for4 days. No precipitation was evident in the former, while a copious 
precipitate formed in the latter. The precipitate, identified as sodium 
dodecyl sulfate, was removed by centrifugation in the cold, and the super- 
natant solution analyzed electrophoretically at 1° in 2-fold dilution. The 
dectrophoretic pattern revealed the presence of a major boundary, corre- 
ponding in mobility not to AD», but to AD,, a minor component, similarly 
identified as albumin, and a trace of AD2,. The fact that detergent can 
be removed by freezing from complexes higher than AD», indicates that 
the binding is of a looser type. However, since the resulting component 
spredominantly AD, rather than A D,,, it follows that the phase transition 
of free detergent to the solid form has forced the dissociation of the com- 
plexes. Essentially the same result can be achieved by partial removal 
di detergent by prolonged dialysis. Moreover, complete regeneration of 
ibumin can be accomplished by precipitation of the detergent as its 
barium salt (1). These results indicate that although sodium dodecyl 
wilfate has a high affinity for proteins, the complexes are dissociable. 

With regard to the nature of the forces involved in the formation of 
tomplexes higher than A Don, it is of interest to note that it is in this range 
d detergent to albumin ratios that the precipitate formed in acid solutions 
becomes soluble. Moreover, in this range a large increase in intrinsic 
Viseosity of the protein is observed which may be attributed to profound 
disorientation of the protein molecule. These aspects of the problem will 
bediscussed in a subsequent paper.’ 








{ 
i 
| 
. 
; 
if 





208 PROTEINS AND SYNTHETIC DETERGENTS. II 


Preliminary experiments with mixtures of serum albumin and pure lower 
homologous alkyl sulfates (7.e., octyl and decyl) are in accord with Steip- 
hardt’s conclusion. »ith regard to the dependence of anion affinity on chain 
length (7). Thus while both octyl and decyl sulfate were capable of causing 
complete precipitation of the protein at pH 4.5, the effective concentration, 
compared on an equimolar basis, was several times higher than that of the 
dodecyl homologue, uncombined detergent remaining in_ solution. 
Anomalies resulting from the increased dissociation tendency of the re- 
sulting complexes during electrophoresis precluded quantitative determi- 
nation of component distribution. It is therefore apparent that mixtures 
of homologous detergents do not lend themselves to a study of this type. 


This work was supported by grants from the Rockefeller Foundation, the 
Lederle Laboratories, Inc., and the Duke University Research Council, 
We are indebted to the Division of Experimental Surgery of Duke Univer- 
sity School of Medicine for making available to us the Tiselius apparatus 


used in this investigation. 
SUMMARY 


As a simple analogue to the interaction between proteins and other 
ionized biological compounds, the system crystalline horse serum albumin- 
sodium dodecyl sulfate has been studied electrophoretically. In a phos- 
phate-NaCl buffer, pH 6.8, 1 = 0.2, two discrete complexes have been 
identified at 1°, while at 20° additional complexes of varying composition 
have been observed. The distribution among the complexes depends 
only on the detergent to protein weight ratio. The number of detergent 
anions bound in the formation of the first two complexes has been found 
to be equivalent to, respectively, one-half and all the cationic protein 
groups. This stoichiometric combination of detergent anions with basic 
protein groups explains the specific precipitation of proteins by anions 
of high affinity. The forces involved in the formation of the first two 
complexes are believed to be ionic. The general phenomenon of protein 
interaction has been discussed in the light of the present findings. 

The higher complexes of variable composition are electrophoretically 
monodisperse up to a detergent to protein ratio of 1, at which free deter- 
gent first makes its appearance. The nature cf these relatively easily 
dissociable complexes has been considered in relation to the precipitation 


and viscosity behavior of the protein. 
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THE SEPARATION OF PURINE NUCLEOSIDES FROM FREE 
PURINES AND THE DETERMINATION OF THE PURINES 
AND RIBOSE IN THESE FRACTIONS 
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A method was previously described for the estimation of total nucleoside 
and free purine nitrogen in the trichloroacetic acid extracts of blood and 
tissues, after removal of nucleotides by precipitation with uranyl acetate 
(i, 2). This procedure gives no indication as to the amount of purine 
present as nucleoside. The further separation of nucleoside from free 
purine and the analysis of each of these fractions for individual purines 
and for ribose are now described in this paper. 


EXPERIMENTAL 


The free purine bases may be separated from the purine nucleosides by 
precipitation with silver nitrate in dilute acid solution. When the solution 
is treated with sufficient excess of NaOH to precipitate a little silver oxide 
(final concentration about 0.002 N), the nucleosides are quantitatively 
precipitated. Nucleotides and free purines, if not previously removed, 
are likewise precipitated by AgNO, in alkaline solution. 

Since this procedure was designed for the analysis of trichloroacetic 
acid extracts of tissues, all of the studies on precipitation by silver nitrate 
have been carried out in the presence of 8 per cent trichloroacetic acid, 
first neutralized and then adjusted to the desired acidity. In each experi- 
ment 5 ce. of an analyzed solution of the compound to be tested were added 
to 20 ce. of neutralized 10 per cent trichloroacetic acid, the acidity was 
adjusted, and 0.5 cc. of molar AgNO; solution was added. The precipitate 
was separated by centrifugation, washed once, then ashed, and the nitrogen 
content determined by a micro-Kjeldahl procedure (2). 

The effect of varying acidity on the precipitation by AgNO; is reported 
in Table I. In solutions made slightly alkaline with NaOH each of the 
purines and nucleosides tested and myoadenylic acid were completely 
precipitated. In neutral solution myoadenylic acid and guanosine were 
precipitated completely, adenosine only partially. Acidity as low as 
0.016 x acetic acid (0.1 per cent) entirely prevented the precipitation of 
adenosine and inosine, but permitted the precipitation of some myo- 
adenylic acid. Inosine also precipitated on standing overnight, but not 
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within an hour. At least 95 per cent of the purine bases, adenine, hypoxap- 
thine, and guanine, was precipitated at acidities as high as 0.05 n H,80, 


TaB_e I 

Precipitation of Purines, Nucleosides, and Myoadenylic Acid by Silver Nitrate(0.02 u) 
in Presence of 8 Per Cent Trichloroacetic Acid at Various Acidities 

and in Alkaline Solution 











j aie 
Purine | 


























Purine Acidity pH Time for pptn. N |N nell Recov. 
| taken | ery 
| 

| } mg. mg. per cent 
Adenine 0.002 n NaOH | 45 min. | 0.424) 0.422 | 99.2 
0.016 ‘‘ acetic | 4.1 | 30 * | 0.290) 0.285 | 98.3 
0.02 ‘‘H.SO, | 2.0 | 30 * 0.415) 0.415 | 100.0 
0.05 * |1.5 1 30 « 0.415| 0.397 | 95.5 
Dae stg pe ee | 0.515] 0.476 | 92.6 
0.10 ‘* * 1.3 | oO ** | 0.515) 0.472 | 91.6 
Hypoxanthine 0.002 ‘NaOH | 28) * | 0.518) 0.511 | 98.8 
| 0.016 «* acetic | 4.1 | 2% ¢ 0.560) 0.543 | 97.0 
0.04 ‘‘H,SO, | 1.7 | 30 * | 0.526] 0.510 | 97.0 
oo7 «© |44] 30 « 0.526) 0.500 | 95.2 
0.10 ** ** | 1.2] 30 0.526] 0.472 | 89.8 
Guanine 9.06.9) 44, fod 088 | 0.432} 0.420 | 97.3 
0.07 ** * | 1.4] 30 ‘* | 0.432) 0.419 | 97.0 
se ¢' [asi @.* | 0.432) 0.416 | 96.2 
Adenosine 0.002 ‘‘ NaOH | Bie 0.392) 0.387 | 98.6 
| Neutral | | 60 * 0.395] 0.261 | 66.0 
| 0.001 N acetic | 180 ‘* at 0° | 0.395] 0.008} 21 
10.016 ‘* <* 4.1 | 30 * | 0.395} None| 0 
0.02 ‘‘H,SO, | 2.0 | | 1.914) * 0 
Inosine 0.002 ‘‘ NaOH | + | ida 0.218} 0.214 | 98.2 
0.016‘ acetic | 4.1 | 60 * | 0.218} None} 0 
0.016 ** * | | 18 hrs. | 0.218} 0.153 | 70.2 
Guanosine 0.002 ‘* NaOH | | 30 min. | 0.445) 0.437 | 98.2 
Neutral | | 30 ‘* | 0.445) 0.454 | 102.0 
0.016 N acetic | 4.1 - .* | 0.452} None 0 
0.02 ‘* H,SO, | 2.0 | 30 * | 0.452) * 0 
Myoadenylic acid | 0.002‘‘ NaOH | =|: 60 * | 0.332| 0.327 | 98.4 
Neutral | 60 * | 0.332} 0.319 | 96.1 
0.016 N acetic | 4.1 | 18 hrs. | 0.332] 0.031 | 9.3 

0.02 ‘* H.SO, 2.0 RL | 0.255) None* 








* Silver nitrate produces a slight cloud, but no precipitate. 


Although the nucleosides are not precipitated by AgNO; when treated 
alone in the presence of 0.016 Nn acetic acid (pH about 4), some precipitation 
occurs at this acidity when they are mixed with free purines. A better 
separation is accomplished by increasing the acidity to 0.02 n with sulfurie 
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| gcid. Mixtures of purines with nucleosides were treated with AgNO; at 


this acidity (pH about 2.0), 8 per cent trichloroacetic acid (neutralized) also 
being present. After the acid silver precipitate had been twice centrifuged 
and washed, sufficient N NaOH was added to render the solution slightly 
alkaline and to form some silver oxide, in order to precipitate the nucleo- 


Tass II 

Analyses of Mixtures of Purines and Nucleosides by Precipitation with Silver Nitrate 

(0.02 m) in Presence of 0.02 nw H,SO,, and by NaOH in Supernatant 
Fluid, with Nitrogen Determinations on Two Precipitates 
































Compounds mixed Purine N taken N in = silver eo Recovery 
mg. mg. mg. per cent 

Hypoxanthine. . .. | 0.540) 0.545 101.0 
Adenosine ..... 0.405 0.386 95.6 
Hypoxanthine.... .| 0.528 0.518 98.3 
Adenosine...... 0.382 0.392 102.5 
Hypoxanthine . 0.521 0.496 95.5 
Adenosine....... 0.147 0.147 100.0 
Adenine......... 0.416 0.405 97.3 
| Adenosine........ 0.385 0.393 102.0 
Adenine.......... 0.515 0.506* 98.3 
Adenosine... .. 0.400 0.394* 98.7 

ae 0.416 s 

Hypoxanthine.. . | 0.516 >{ ee 198.6 
Adenosine........ .| 0.385 0.400 103.7 
Hypoxanthine.... .| 0.521 0.511 98.3 
a 0.393 0.405 103.0 
BE seas aces 0.515 0.580 112.6 
Guanosine...... 0.544 0.465 85.5 
Adenine........ 0.392 0.388T 99.0 
Guanosine....... 0.452 0. 469F 104.0 
Guanine......... 0.432 0.423 97.8 
Adenosine...... 0.400 0.398 99.5 
Guanine.......... | 0.647 | 0.648 100.1 
Adenosine. . 0.437 0.427 97.5 














* Both precipitates extracted with cold 0.5 Nn HCl seven times. 
t Separation made by precipitation in presence of 0.05 Nn instead of 0.02 n H,SO,. 


sides, after which the two precipitates were examined for their content 
of nitrogen. The results are presented in Table II. The nitrogen found 
in the acid silver precipitate was assigned to free purine, and that in the 
alkaline precipitate to nucleoside, on the basis of the results presented in 
Table I. The results indicate a satisfactory separation of purine from 
nucleoside except in the mixture of guanosine with adenine, in which about 
13 per cent of the guanosine was precipitated in the acid solution with 
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adenine. By increasing the concentration of H2SO, to 0.05 N, a good separ. 
ation was accomplished. 

To make certain that the findings of Table II were not simply fortuitous 
the ribose content of the two silver precipitates, as well as that of the nucleo. 
side added to the solution, was determined in a separate series of experi- 
ments. The silver precipitates were washed twice, then extracted with 
hot 0.5 n HCl, and the ribose in the extracts determined colorimetrically 
as described below. The results (Table III) support the conclusions based 


TaBLe III 


Analyses of Mixtures of Purines and Nucleosides by Precipitation with Silver Nitrate 
(0.02 mw) in Presence of 0.02 n H,SO,, and by NaOH in Supernatant, with 
Determinations of Ribose in HCI Extracts of Two Precipitates 


| Ribose found in | Ribose found in 








Compounds mixed Ribose taken | “acid Ag pot. ahhaline Ag pot. | Recovery 
mg. mg. me. per cent 
Adenosine.........| 0.880 0.817 93.0 
Hypoxanthine.....| 0 0.020 2.3 
Adenosine........ 0.880 0.833 | 94.5 
Hypoxanthine.....| 0 0.014 1.6 
Adenosine......... 0.337 | 0.327 | 97.0 
Hypoxanthine.... .| 0 0.010 3.0 
Guanosine.........| 1.165 0.893 76.6 
Adenine. . ee 0 0.173 | 14.9 
Guanosine.........||_ 0.970 } 0.917 | 945° 
Adenine. . er 0 0.085 8.7* 
Adenosine a 0.900 | 0.853 94.7 
Guanine 0 None 0 








* Separation made by precipitation in presence of 0.05 N instead of 0.02 n HS). 





on the nitrogen content of the silver precipitates that the free purines, 
but not the nucleosides, are precipitated by the acid silver reagent, and 
that the nucleosides are completely precipitated when the filtrate is made 
alkaline. 

Procedure for Analysis of Tissue Extracts—The amount of tissue to be 
taken for analysis depends on the expected content of nucleoside and free 
purine. It is desirable to have samples containing about 3 mg. of purine 
and nucleoside nitrogen, but this is not feasible with fresh tissues. In 
brain, for example, before autolysis the entire nucleoside and free purine 
nitrogen amounts to only 2 mg. per 100 gm. (3), though it rises to 10 mg. 


within an hour. In our studies on tissues we have used samples of 40 to | 


50 gm. of brain (the entire brain of a dog), and about 35 gm. of other tissues. 
The preparation of the trichloroacetic acid extracts of fresh and auto- 
lyzed brain (3, 4) and fresh muscle (1) has already been described. In 
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aperiments on muscle, if rapid fixation is not essential, the tissue may be 
gound in a Latapie mincer, or in a meat chopper and then with quartz 
and in a mortar. The minced tissue is then transferred to a volume of 
{0 per cent trichloroacetic acid sufficient to make a 1 to 10 dilution. After 
a hour on ice with frequent mixing it is filtered and neutralized to phenol- 
phthalein with NaOH. A record must be kept of the volumes of filtrates 
ysed and reagents added at various steps of the procedure to permit final 
calculation of the percentage content of the individual fractions in the 
original tissue. 

Removal of Nucleotides—As a precipitant for nucleotides, mercuric 
wetate is unsuitable for use in the present study. From extracts of 
wtolyzed brain, for example, most of the nucleoside and free purine is 
precipitated by mercuric acetate together with the nucleotide, whereas 
with muscle extracts only nucleotide is precipitated (3). We were 
obliged therefore to return to uranyl acetate as the nucleotide precipitant, 
since it precipitates neither nucleosides nor free purines (5, 1). 

The neutralized, protein-free filtrate is made slightly acid with 10 per 
cent acetic acid (5 drops per 100 ce. of filtrate), and treated with the mini- 
mum amount of 8 per cent uranyl acetate to provide a slight excess in the 
supernatant fluid (about 0.4 cc. per gm. of tissue). A large excess may inter- 


| fere with the ribose determination later. In case the purine content of 


the nucleotide fraction is to be studied, 105 cc. of the protein-free filtrate 
should be reserved for this purpose and handled as described elsewhere 
(2), and the remainder treated as just mentioned in a flask or 200 cc. 
centrifuge bottle. After being centrifuged, the supernatant fluid and wash- 
ings from all uranium precipitates are reserved for the subsequent study 
of nucleoside and free purines. An alternative procedure, recommended 
for autolyzed tissues with a low content of nucleotide, is to utilize the 
wanium precipitate from the entire filtrate. In this case the precipitate, 
after two washings with the diluted acidified uranium reagent, is dissolved 
from the walls of the flask and centrifuge bottle by means of 10 n H.SO, 
(2ec. for each 100 cc. of protein-free filtrate used) and collected in a single 
Hee. centrifuge tube. The usual procedure for the analysis of the nucleo- 
tide fraction is then followed (2). 

In case the supernatant fluid is not perfectly clear after centrifugation, 
itshould be filtered to insure complete removal of nucleotide before the 
precipitation of purines by silver nitrate. 

Separation of Free Purines (Acid Silver Precipitation)—In our preliminary 
experiments with pure compounds the acidity produced by 0.02 n H.SO, 
(pH 2.0) was sufficient to prevent the precipitation of nucleosides by silver 
titrate. In extracts of autolyzed tissue, however, the concentration of 
H;$0, must be increased to 0.035 or 0.045 n to bring the solution to pH 
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2.0, presumably because of changes occurring during autolysis. Sinee 
at least 95 per cent of free purine is precipitated by AgNO; in 0,05 


H.SO, (Table I), it seems preferable to select this concentration for use | 


with tissue filtrates in order to insure a pH between 1.5 and 2.0. 


The filtrate and washings from the uranium precipitate are measured, | 


transferred to a flask, acidified with H.SO, until 0.05 n, and then treated 
with 0.02 volume of molar silver nitrate solution to precipitate the free 
purines. 

The precipitate is separated within an hour to avoid the danger of acid 
hydrolysis of the nucleosides and the possible precipitation of nucleoside, 
In two experiments with a mixture of hypoxanthine and adenosine, how- 
ever, the separation of purine and nucleoside was satisfactory even when 
the acid precipitate was allowed to stand overnight, either at room tempera- 
ture or on ice. After sedimentation the precipitate is separated by re- 
peatedly centrifuging portions of the mixture in 250 cc. centrifuge bottles, 
and is then shaken with water, rinsed into a 50 cc. centrifuge tube, and 
again centrifuged, the washings together with the supernatant fluid con- 
taining the nucleosides being reserved for analysis. A second washing is 
made to insure the removal of a product which interferes with the subse- 
quent determination of ribose, this wash liquid being discarded. The 
precipitate, known hereafter as the “acid silver precipitate,” is reserved 
for analysis. 

Precipitation of Nucleosides (Alkaline Silver Precipitation)—To the super- 
natant fluid normal NaOH solution is added until the mixture is alkaline 
to phenol red. This precipitate, hereafter designated the “alkaline silver 
precipitate,”’ contains not only the nucleosides and some silver oxide, but 
also whatever uranium was left in solution after removal of the nucleotides. 
The precipitate is collected in 250 cc. centrifuge bottles, then transferred 
to a 50 ec. tube while being washed twice by the same procedure as for the 
acid silver precipitate. 

Extraction of Purines and Ribose from Silver Precipitates—From the 
silver precipitates the purines are extracted with HCl. The decomposition 
of nucleosides to their constituent purines and ribose is essential before re- 
moval of uranium and also for the subsequent precipitation of purines by cop- 
per sulfate and bisulfite. The precipitates are therefore heated in boiling 
water with 15 cc. of 0.5 N HCl for 30 minutes, then filtered hot with suction 
through asbestos in a Gooch filter mounted in a Witt filtering apparatus,’ 
the extracts being received in centrifuge tubes with conical tip and grad- 
uated at 35cce. Since AgCl adsorbs ribose strongly, it is advisable to retain 
as much of the precipitate as possible in the centrifuge tube in order to 


1 This is a suction flask with a ground glass removable top. 
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digest it repeatedly (five or six times) with 0.5 N HCl at 100°. Further 
washings should not give Bial’s test for pentose. When cool, the filtrate 
isdiluted to 35 ec. with 0.5 n HCl. 

Filter paper should not be used for filtering hot HC! if ribose is to be 
determined, for the hot acid extracts substances which give the pentose 
reaction with Bial’s reagent, the amount depending on the time required 
for filtration as well as the quality of the paper. 

The nucleoside may also be extracted as such from the silver precipitate 
without hydrolysis by eight extractions with cold 0.2 n HCl, and filtered 
through acid-washed paper (previously tested for pentose). Under these 
conditions the nucleoside is only slowly hydrolyzed. The cold filtration 
isso slow, however, that we prefer the hot extraction with the Witt filter. 
If the cold extraction procedure is used, the nucleoside in the HC] extract 
must subsequently be hydrolyzed to free purine and ribose before removal of 
the uranium. 

Analysis of HCl Extracts—Ribose must be determined before the removal 
of uranium, since much of it is lost in the uranium precipitate which forms 
when the extract is neutralized. The ribose cannot be recovered from the 
precipitate even if it is dissolved and reprecipitated seven times. The 
free purines on the other hand are easily separated by a single 


| reprecipitation. 


For the ribose determination aliquots corresponding to 1 cc. of the acid 
silver extract and 0.2 cc. of the alkaline silver extract are suitable. For 
the latter, 1 cc. of the 35 cc. of HCl extract is diluted to 10 cc., and 2 ce. of 
this are taken for a preliminary estimation by the method described below. 
The determination is repeated if necessary with an aliquot containing from 
0.02 to 0.05 mg. of ribose. 

Uranium does not interfere with the ribose determination unless present 
inexcessive quantities. The volume of the centrifuged uranium precipitate 
formed in the next operation should be measured roughly. If the aliquot 
portion used for the ribose determination does not represent more than 
0.15 ce. of precipitate, the ribose determination is reliable. In other words, 
interference will occur if the ribose determination requires a full cc. aliquot, 
with the volume of the precipitate exceeding 5 cc. The necessity of 


*In the quantitative determination of ribose by Bial’s reaction the acidity of the 
standard and unknown must be identical; hence it is convenient to keep the HCI con- 
centration of this filtrate at a uniform level. 

* At 25° in 0.2 n HCl only 2 per cent of adenosine was split within an hour, 13 per 
cent in 24 hours. At 100° the hydrolysis was complete in 40 minutes. The rate of 
hydrolysis was determined by measuring the liberated ribose by the method of Hage- 
dorn and Jensen (6). The sugar equivalent of the reagent was determined on pure 
d-tibose (Pfanstieh!). 
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avoiding excessive amounts of uranium reagent for precipitating nucleotides 
is evident. 

After the completion of the determination of ribose and before the pre- 
cipitation of purines, uranium is precipitated from the remainder of the 
extract by neutralizing to phenolphthalein with 20 per cent NaOH and 
then discharging the indicator color with 5 per cent acetic acid. The 
precipitate is centrifuged and the supernatant fluid transferred without 
loss to a 50 cc. centrifuge tube with conical tip. In place of washing, 
the precipitate is dissolved in a few cc. of N H,SO,, then reprecipitated. 
The combined supernatant fluids are next heated in boiling water, the 
purines are precipitated by addition of copper sulfate and 40 per cent 
sodium bisulfite, and the content of individual purines determined by 
methods previously described (2, 7-9). 

Guanine may be determined (7) on a 3 to 5 ec. aliquot of the 25 ce. of 
purine hydrochloride solution secured after decomposition of the cuprous 
bisulfite-purine complex with HS. This determination, based upon the 
reaction with the phenol reagent, does not distinguish between guanine 
and xanthine. It has been shown, however, that guanine but not xanthine 
is found in the fresh muscle of the frog and rabbit (10-12); hence in a 
study to be published shortly we have designated the substance measured 
by Hitchings’ method as guanine, with the realization that it may consist 
in part of xanthine, particularly in autolyzed tissue. 

The presence of guanine in trichloroacetic acid extracts of tissues (7) 
introduces some difficulties in the determination of adenine and hypo- 
xanthine. Hitchings® states that when more than 0.1 mg. of guanine N 
is present, some of it precipitates together with adenine when the latter 
is determined as picrate, the remainder being precipitated together with 
hypoxanthine as the argenti-picrate. In our experience with a number of 
tissues, the guanine content is not above the limit of 0.1 mg. of N in the 
nucleotide fraction when the aliquot used for the adenine determination 
represents 5 to 6 gm. of tissue. When the same determination is made on 
HCl extracts of the silver precipitates, the aliquots used are necessarily 
much larger, representing about 15 gm. of tissue, and the amount of guanine 
N greatly exceeds 0.1 mg. in some cases, particularly in autolyzed tissues. 
Hence it is probable that the values found for adenine in these cases are 
too high. 

Any guanine present and not carried down with adenine as picrate would 
precipitate as argenti-picrate with hypoxanthine. Under the conditions 
defined by Hitchings for the precipitation of hypoxanthine (9) we find 

‘ This reagent does not keep well. The bisulfite content was found to have de- 


creased from 40 to 36 per cent when kept at room temperature for 10 days. 
5 Personal communication. 
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that each molecule of guanine combines with 1 atom of silver, as is the 
case With hypoxanthine.’ Hence the amount of silver found represents 


' the sum of hypoxanthine and guanine. Hypoxanthine is therefore deter- 


mined by subtracting the guanine (determined colorimetrically) from total 
silver, each calculated as moles, since the nitrogen contents of hypoxanthine 
and guanine differ. If any guanine were precipitated with adenine, this 
method of calculation for hypoxanthine by difference would result in 
yalues which are too low (or even negative if no hypoxanthine were present), 
as the amount of guanine determined in the original mixture of the purines 
was greater than that precipitated as argenti-picrate. 

At present we have no solution to offer for these difficulties, but wish 
to call attention to the sources of error which are encountered chiefly 
in experiments with autolyzed tissues. 

Determination of Ribose—Dische and Schwartz (13) and Mejbaum (14) 
stated the conditions under which Bial’s reaction for pentoses (15) gives 
an intensity of color proportional to concentration, the colors being meas- 
ured in the Pulfrich spectrophotometer with Filter 8-61. We have made 
certain modifications in order to permit the use of an ordinary colorimeter. 

Mejbaum (14) noted that the intensity of color is proportional to con- 
centration only with very dilute solutions of pentose, and this we have 
confirmed on attempting to use larger samples. 

A series of experiments to determine the optimum concentrations of 
HCl, FeCl;, and orcinol showed that the intensity of color produced on 
heating pentoses with these reagents is equally great with much lower 
concentrations of FeCl; and orcinol than those used by other workers 
(18-15). The use of the higher concentration of FeCl; not only gives a 
deeper yellow color to the reagent, but also an increase in intensity which 
affects the colorimeter reading when the reagents are heated as a blank 
without pentose. 

As the color production is particularly sensitive to the concentration 
of HCl, it is essential that the unknown and standard have exactly the same 
acidity during the period of heating. An error of +25 per cent results when 
the unknown contains 5.25 nN HCl and the standard 5N. In the procedure 
outlined above for tissue analysis pentose is determined in the 0.5 n HCl 
extract of the silver precipitate; hence extra acid must be added to the 
standard to compensate for that in the sample analyzed. 

Reagents— 

Concentrated HCl containing 0.02 per cent FeCls. 

Orcinol, 10 per cent solution in ethyl alcohol. This should be nearly 
colorless when freshly prepared and not darkened when stored in a 


stoppered vessel. 
*Uupublished data. 
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Standard pentose solution. A solution of d-ribose (Pfanstiehl, dehy. 
drated over sulfuric acid in vacuo) in 0.1 N HCl containing 1.0 mg, per 
100 ec. (3 ce. = 0.03 mg.). d-Arabinose may be substituted for ribose. 


Procedure 


Measure into a test-tube graduated at 15 cc. a quantity of the unknown 
solution containing between 0.02 and 0.05 mg. of ribose. Add 0.3 ¢¢. 
of n HCl (the HCl content of the standard ribose solution) and dilute to 
5 ce. 

Prepare the standard by measuring into a similar tube 3 cc. of the stand- 
ard ribose solution (0.03 mg. of ribose), also a quantity of n HCl equal 
to that found in the unknown sample taken, and dilute to 5 ce. 

To both the standard and unknown add 5.0 cc. of the HCl-FeCl; reagent 
and 0.3 cc. of orcinol solution and mix. Immerse the tubes in boiling 
water for 20 minutes, then cool, dilute to 15 ec., and compare in the colorim. 
eter, using a Wratten Filter E-22 in the light path.’ The color is stable 
for hours. 

The results obtained with varying concentrations of pentose in the 
form of pure d-ribose, d-arabinose, adenosine, and myoadenylic acid are 
given in Table IV. Arabinose gives the same intensity of color as ribose, 
and may therefore be substituted as standard. The ribose bound in adeno- 
sine is correctly measured by this reaction, but in the case of myoadenylic 
acid with all concentrations used the ribose found is 20 per cent higher than 
the calculated content. 

A more rapid development of color may be secured by using 10 ce. of 
reagent and 5 cc. of unknown, thus giving an acid concentration of 6.7 
Nn. Under these conditions the color intensity after 5 minutes heating is 
equal to that with 5 n HCl as recommended in our procedure, but we have 
had more consistent results with the lower concentration of acid and longer 
heating, probably because of the slower liberation of furfural. For quali- 
tative tests, however, the best results are obtained by heating the unknown 
for 5 minutes with 2 volumes of concentrated HCl containing only 0.008 
per cent FeCl; and 0.3 per cent orcinol. The lower concentration of iron 
gives an almost colorless reagent and permits the detection of smaller 
amounts of pentose. 

Interference by Chlorides—Some adenosine is carried down with the acid 
silver precipitate when chlorides are present, the amount being dependent 








on the chloride concentration. In various beef tissues chlorides, calculated _ 


as NaCl, range in concentration from a minimum of 0.08 per cent in 


7 These filters may be procured from the Eastman Kodak Company in disks suit- 
able for use in the eyepiece of a colorimeter, or squares to be inserted between the light 
source and the colorimeter. 
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ehy- skeletal muscle to 0.44 per cent in kidney (16). Hence in trichloroacetic 
‘Pet seid extracts of tissues with a 10-fold dilution the concentration of NaCl 
08. is always less than 0.05 per cent. 

A number of experiments were made to determine the amount of nucleo- 
side carried down with AgCl at an acidity of 0.05 n H.SO,. With 25 ce. 
‘OWD | «mples containing 0.10 per cent NaCl and adenosine equivalent to 0.08, 
ee. 032, and 0.86 mg. of ribose, the adsorption of ribose on the acid silver 
# to precipitate amounted to 0.018, 0.012, and 0.023 mg. respectively, the loss 


and- TaABLe IV 


qual Determinations of Ribose, Free and Combined, in Adenosine and Adenylic Acid by 
Modified Bial’s Reaction; All Determinations Made in Colorimeter 

















zent with Wratten Filter E-22 and 0.03 Mg. of Ribose As Standard 
ling Compound Pentose taken Pentose found Recovery 
rim. . iat a 
ble meg. meg. per cent 
iRibose..... Pa ee 0.0209 | 0.0216 103.4 
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67 aR Rar: 0.0529 0.0538 101.9 
‘. Myoadenylic acid.................. 0.0242 0.0293 | 121.1 
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08 
ron | being unrelated to the amount of nucleoside in the sample. The concen- 
llet | tration of chloride chosen for these experiments is, however, 10 times that 
found in muscle filtrates, at least double that found in any beef tissue 
cid | filtrate (1:10 dilution), and is encountered only in blood filtrates with 
ent | 41:5 dilution. 
ed Recovery of Added Purine and Nucleoside—The ability to recover added 
=| purine and nucleoside by the above methods was tested by analyzing 
it. | ‘uplieate portions (400 ce. each) of trichloroacetic extracts of dog brain, 
ght | ‘oneof which known amounts of adenine and adenosine were added. The 
_ Msults, presented in Table V, indicate that the separation of purine from 
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nucleoside is not quite as sharp when applied to tissue extracts as with pure 
solutions, a small amount of nucleoside being carried down with the acid 
silver precipitate, probably because of the presence of chlorides. The 
results are sufficiently good, however, to justify the use of the method for 
studies on the nucleotide and purine metabolism of tissues. 

Since the greatest interference is to be expected in the analysis of blood, 
because of its relatively high content of chloride, three experiments were 
made to determine the extent of recovery of adenosine added to dog blood, 

When 0.85 mg. of adenosine N was added per 100 cc. of blood, and speci- 
mens of 100 to 150 cc. used for analysis, the recovery of adenosine in the 
alkaline silver precipitate was 80.5 and 84.4 per cent. When the adenosine 


TABLE V 
Recovery of Adenine and Adenosine Added to Trichloroacetic Acid Extracts of Brain 





Added Recovered in acid Ag ppt. Recovered in alkaline 


Ag ppt. 

meg. per cent mg. per cent 

Adenine) 3.08 mg. N | 3.14 102 | | 
Adenosine a 3.66 95.8 
8.20 ‘* ribose 0.33 4 7.1 | 96.5 

Adenine 3.22 ‘* N | 8.22 100 | 
Adenosine } ee | 3.41 | 89.8 
| 90.8 


8.20 ‘* ribose 0 | 7.47 


added was reduced to 0.17 mg. of N per 100 cc., the recovery was 70 per 
cent. 
Attempts to recover adenosine added to urine have so far been unsuc- 


cessful. 
DISCUSSION 

Silver in ammoniacal solution has long been used as a precipitant for 
the purine bases (17-19), but we find it does not precipitate adenosine or 
adenylic acid, and Pohle (20) reported the same for inosinic acid. Sub- 
stitution of NaOH for ammonia gives the silver reagent the property of 
a general precipitant for the purine nucleotides and their derivatives 
(myoadenylic acid, adenosine, inosine, guanosine, adenine, hypoxanthine, 
and guanine having been tested). In acid solution, however, only the free 
purines are precipitated by silver nitrate, at least in the concentrations 
encountered in extracts of fresh and autolyzed tissue.’ Similarly, basic 


8 Our studies were carried out with concentrations of nucleoside and free purine 
slightly higher than any encountered in tissue analysis. The highest concentration 
of adenosine we have found in any autolyzed tissue was 11.2 mg. of N per 100 gm. 
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lead acetate or lead acetate and ammonia, but not neutral or acid solutions 
of lead acetate, precipitate the nucleosides (21, 22). 

Bielschowsky (23) attempted to separate nucleosides from solution by 
means of mercuric acetate, but stated the precipitation to be incomplete. 
Inagaki (24) also noted that the purine nucleosides are only partially 
precipitated by mercuric acetate and sulfate at room temperature, pre- 
cipitation being complete at 0° with these reagents, or at room temperature 
with mercuric nitrate. 

Bial’s reaction for pentoses has been adapted for use in the spectro- 
photometer or photoelectric colorimeter by several workers (13, 14, 25, 
26). The various procedures differ in some details, and this may explain 
the differences reported for the behavior of arabinose and ribose, and of 
ribose, free and combined. Dische and Schwartz (13) stated that adeno- 
sine gives a greater color intensity than myoadenylic acid, whereas we 
find the reverse to be true (Table IV). Mejbaum (14) found no difference 
in the color yielded by the pentose in the form of arabinose, myoadenylic 
acid, and inosinic acid. Schlenk (25) found that ribose, xylose, and arab- 
inose give identical results when used as standards. Stone (26) considers 
d-arabinose unsuitable for use as a standard for measuring the purine 
nucleotides, its rate of color production being much slower than that of 
the ribose in adenosine triphosphate. We, too, find that myoadenylic 
acid gives more color than ribose or arabinose. The selection of a standard 
should of course be governed by the compound to be measured, arabinose 
and ribose being suitable for measuring nucleosides or free ribose, whereas 
myoadenylic acid or a salt of adenosine triphosphate of known purity 
should serve best for measuring nucleotides. 

Barrenscheen and Peham (27) describe a photometric method for esti- 
mating nucleosides and nucleotides based on the orcinol reaction, with the 
substitution of cupric chloride for ferric chloride. Decreasing intensity 
of color was found for the pentose in adenosine triphosphate, adenosine, 
xylose, and arabinose. 

In a study of nucleotide catabolism in various tissues’ with the proce- 
dures described in this paper, a small amount of pentose (3 to 5 mg. per 
100 gm.) was found in the acid silver precipitate, together with hypoxan- 
thine and guanine. Some organic phosphorus wasalso found in this precip- 
itate with most (but not all) tissues. The possibility that small amounts 








which corresponds to 0.28 mg. of N in 25 cc. of protein-free filtrate. This was the final 
volume of solution used in each of the experiments reported. Adenosine in a concen- 
tation 7 times as great as this was not precipitated by AgNO; at pH 2 (see Table I). 
The highest concentration of inosine found in tissues was 13.2 mg. of N per 100 gm., 
or 0.33 mg. per 25 cc. 

*To be published shortly. 
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of nucleotide escape precipitation by uranium was suggested by Parnas 
(11) and Ostern (12) in explanation of the adenine they found in the fraction 
containing nucleosides and free purines. That this is not the case js 
demonstrated by the fact that in the analysis of certain tissues (e.g., testes) 





no phosphorus was found in either the acid or the alkaline silver fractions, | 


In the case of skeletal muscle the amount of phosphorus was too little 
to account for the pentose in each of the silver precipitates. Ribose 
phosphate, if present, should be precipitated by uranyl acetate together 
with inorganic phosphate and nucleotide (24). We find that free ribose 
is not precipitated by silver nitrate and NaOH, but is adsorbed to some 
extent by AgCl; hence it would be found partly with the acid silver precip- 
itate if it occurred in tissue extracts. 


SUMMARY 


The free purines adenine, guanine, and hypoxanthine are quantitatively 
precipitated by silver nitrate in the presence of sodium trichloroacetate and 
H.SO, (0.02 to 0.05 n), whereas in dilute solution the nucleosides adenosine, 
guanosine, and inosine remain unprecipitated. All of these purines and 
nucleosides are quantitatively precipitated by silver nitrate when the solu- 
tion is made slightly alkaline with NaOH. 

A method of analysis for the nucleosides and free purines in trichloroacetic 
acid extracts of tissues is described. After removal of nucleotides by 
precipitation with uranium acetate, the free purines are precipitated by 
AgNO; in acid solution (pH between 1.5 and 2.0), and the nucleosides by 
AgNO; in the presence of-a slight excess of NaOH. The purines and 
nucleosides are extracted from the silver precipitates by HCI and analyzed 
by methods previously described. 

A modification of Bial’s reaction for pentose is described which permits 
the determination of d-ribose in an ordinary colorimeter with a special 
light filter. 
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THE MICROBIOLOGICAL DETERMINATION OF NICOTINIC 
ACID, NICOTINAMIDE, AND NICOTINURIC ACID 


By B. CONNOR JOHNSON 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, March 19, 1945) 


The nicotinic acid assay most generally satisfactory is the Lactobacillus 
gabinosus procedure (1, 2) as regards sensitivity and non-interference 
from other compounds. However, this organism responds to nicotinamide 
and nicotinuric acid as well as to nicotinic acid. 

Gaines and Stahly (3) have proposed the use of Leuconostoc mesenteroides 
for the assay of several members of the vitamin B complex, including 
nicotinic acid. We have found that this organism responds to nicotinic 
acid, but not to nicotinamide at low concentrations, nor to nicotinuric 
acid. 

By the use of acid hydrolysis of the amide, these two organisms can be 
used for the determination of all three compounds. 


EXPERIMENTAL 


Determination of Free Nicotinic Acid—The test organism Leuconostoc 
mesenteroides (American Type Culture Collection, No. 9135) is carried on 
yeast extract 1 per cent, milk peptone (Difco) 1 per cent, glucose 1 per cent, 
agar 1.5 per cent stabs, and is transferred every 2 weeks. 

The inoculum is prepared by transfer from this stab to 10 ec. of the diluted 
basal medium containing 1 y of nicotinic acid. After 24 hours incubation, 
the cells are centrifuged out and resuspended in 10 cc. of sterile 0.9 per 
cent saline. 1 drop of this suspension is used per tube for inoculation. 

The basal medium used is given in Table I. This medium is double 
strength, 5 cc. being used per tube, diluted to 10 cc. with the solution being 
assayed plus water. The addition of the purines to the medium of Gaines 
and Stahly (3) doubled the acid production, increasing the maximum 
titration from 3 up to 6 cc. By the increase in buffer and glucose and 
other minor changes, this medium now gives a maximum titration of 12 
to 15 ec. of 0.1 n NaOH per tube. 

It was found that this organism, as in the case of Lactobacillus casei 
and Streptococcus lactis, utilizes ‘‘pseudopyridoxine” rather than pyridoxine 
(3). This can be supplied either by pyridoxine which has been treated 
with hydrogen peroxide (6) or by pyridoxal (7). The organism responds 
to the thiazole moiety of thiamine as well as to intact thiamine. For 
these reasons it cannot be used for pyridoxine or thiamine assays as proposed 
by Gaines and Stahly (3). 
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The assay is set up in the same manner as the Lactobacillus arabinogys 
assay of Snell and Wright (1). The tubes are incubated at 30° for 72 
hours and the acid formed is titrated with 0.1 N NaOH. 

At levels of acid production above about 8 cc. of 0.1 N acid per tube, 
this organism produces a considerable amount of CO: which interferes 
with the end-point of the titration. This can readily be eliminated by 
autoclaving the tubes and cooling them before titration. 

On Fig. 1 is plotted the dose-response curve of this organism to nicotinic 
acid, nicotinamide, and nicotinuric acid. While there is no increase in 
acid production with the addition of nicotinamide or nicotinuric acid up 


TABLE I 
Basal Medium 





Acid-hydrolyzed vitamin-free casein Ce ee ee 10 gm. 
Glucose ; , 60 “ 
Sodium acetate, anhydrous... .. 40 “ 

Cystine... 20 mg 
l-Tryptophane............. | 10 “ 
Salt Solution A*... ss iicesinieis eens det — 10 ce 
«“ _ i ae ert te 10 “ 
Riboflavin = are ntee's ae Soa" 500 y 
Thiamine. . ' sa 500 
Calcium pantothenate. aon veal 500 ‘ 
Biotin. . 10 “ 
**Pyridoxal”’ 100 ‘* 

Adenine 20 mg. 
Guanine 20 “ 
Xanthine 20 “* 
Asparagine. . 50 “ 
100 y 


p-Aminobenzoie acid 
Distilled water to a eee ee See ee Spee 











* Prepared according to Snell and Strong (4). 


to 10 y per tube, which is about the maximum for nicotinic acid assay, 
nicotinamide does have some slight growth effect and at 1000 y per tube an 
acid production equal to 8 cc. of 0.1 N NaOH per tube was obtained. 
Determination of Nicotinamide—In order to determine nicotinamide with 
Leuconostoc mesenteroides, it must first be hydrolyzed to nicotinic acid 
by a procedure which gives practically complete hydrolysis of the amide 
and at the same time avoids appreciable hydrolysis of nicotinuric acid if this 
is present. Hydrochloric acid (8) has been used. However, it was found 
that the amount of NaCl formed on neutralization inhibited the growth of 
the bacteria. Therefore, sulfuric acid was used. Solutions containing 
1 y per cc. of nicotinamide or of nicotinuric acid were autoclaved for 
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Fig. 1. Dose-response of nicotinic acid, nicotinamide, and nicotinuric acid with 


Leuconostoc mesenteroides. 


TaB_eE II 


Sulfuric Acid Hydrolysis of N icotinamide and Nicotinuric Acid 





Normality of acid 








Per cent hydrolysis 














” Nicotinamide Nicotinuric acid 

0.0 0 0 

0.1 21 

0.2 34.5 

0.5 80 

0.6 100 0 

0.8 100 0 

1.0 100 0 

6.0 83 
Taste III 


Recovery of Known Amounts of Nicotinic Acid and Its Derivatives 


The material assayed was a water solution containing 0.2 y per cc. each of nico- 
nic acid, nicotinamide, and nicotinuric acid. 























S le | No. of | — R 
‘No. | tests® Treatment “cine | covery 
acid 
7 er cent 
Leuconostoc mesenteroides 1 2 None 0.20 | 100 
2 4 | 0.6 n H,SO, hydrolysis 0.38 | 95 
Lactobacillus arabinosus 3 2 None 0.58 | 96.2 





*Each test was run at five levels of assay with duplicate tubes at each level. 
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1 hour at 15 pounds with different strengths of sulfuric acid. They were 
then cooled, neutralized with saturated Ba(OH): solution, diluted to 02 
y per cc., filtered, and assayed. The relationship between the strength of 
the acid and per cent hydrolysis for the two compounds is given in Table II, 

From Table II it can be seen that 0.6 N sulfuric acid completely hydro- 
lyzes nicotinamide in 1 hour at 15 pounds and at the same time causes 
practically no hydrolysis of nicotinurie acid. Therefore the difference 
between the assay value obtained with Leuconostoc mesenteroides before acid 
hydrolysis with 0.6 n H,SO, and that obtained after acid hydrolysis repre- 
sents the amount of nicotinamide that has been converted to free nicotinic 
acid. 

Determination of Nicotinuric Acid—We have determined nicotinurie 
acid as the difference between the totdl nicotinic acid obtained with 
Lactobacillus arabinosus by the method of Krehl, Strong, and Elvehjem 
(2) and that obtained with Leuconostoc mesenteroides after 0.6 N HS80, 
hydrolysis. 

Average data obtained on the analysis of pure solutions of nicotinic 
acid, nicotinamide, and nicotinuric acid by the procedure finally adopted 
are given in Table III. Similar data obtained on human urine sub- 
stantiate these results and are given in the following paper (Johnson, 
Hamilton, and Mitchell (9)). 


SUMMARY 


A method for the determination of nicotinic acid, nicotinamide, and 
nicotinuric acid in solution containing one or more of these compounds is 
proposed. 

The method is based on the finding that the organism, Leuconostoc 
mesenteroides which requires nicotinic acid for growth, is unable to use 
nicotinamide or nicotinuric acid at the levels of assay investigated. 
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THE EXCRETION OF NICOTINIC ACID, NICOTINAMIDE, 
NICOTINURIC ACID, AND N'!-METHYLNICOTINAMIDE 
BY NORMAL INDIVIDUALS* 


By B. CONNOR JOHNSON, T. 8. HAMILTON, anv H. H. MITCHELI. 


(From the Division of Animal Nutrition, University of Illinois, Urbana) 
(Received for publication, March 19, 1945) 


The metabolites of nicotinic acid excreted in urine have been studied 
by a number of workers. The occurrence of a nicotinic acid and amide 
fraction, of nicotinuric acid, and of N‘-methylnicotinamide (or F:), or 
trigonell‘ne in urine has been reported. Melnick, Robinson, and Field 
(1) did not find nicotinuric acid unless large doses of nicotinic acid (as 
distinguished from the amide) were fed. Perlzweig (2) and Sarett (3, 4), 
however, later reported the presence of nicotinuric acid in normal human 
wine. Using the Leuconostoc mesenteroides method described in the preced- 
ing paper, we have been unable to find nicotinuric acid in human urine. 

No work has been reported on the separate determinations of nicotinic 
scid and nicotinamide excreted in the urine. The bacteriological method 
whith we have developed has enabled us to make these separate determina- 
tions. 

EXPERIMENTAL 


Four male subjects aged 21 to 28 years were used in this work. They 
were on a constant diet throughout the preliminary and experimental 
periods, during which time their activity was entirely sedentary. 

The experiment was divided into two 5 day periods. During Period I 
no nicotinic acid was given in addition to that contained in the diet. Each 
subject received orally 50 mg. per day of nicotinamide during Period II. 

The 24 hour urine specimens were collected each day and combined 
for the 5 day period. 5 per cent acetic acid was used as a preservative. 

Analyses were carried out for total nicotinic acid (7.e., nicotinic acid, 
ticotinamide, and nicotinuric acid) by the Lactobacillus arabinosus micro- 
biological assay procedure of Snell and Wright (5) as modified by Krehl 
dal. (6). The same urine samples were also analyzed for these individual 
constituents by the Leuconostoc mesenteroides procedure described in the 
preceding paper. The N'-methylnicotinamide determinations were carried 
wut by the fluorometric procedure of Huff and Perlaweig (7). 


*The work described in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
opment and the University of Illinois. 
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The urinary concentration values were found to confirm the findings of 
other workers that N'-methylnicotinamide is excreted in higher concentra- 
tion than the total of all other known metabolites of nicotinic acid. 

A 65 per cent increase in nicotinic acid concentration in urine following 
the administration of 50 mg. of nicotinamide daily with no concomitant 
rise in nicotinamide was noted and may be significant. In agreement with 
the report of Melnick et al. (1), we were unable to find a significant con- 
centration of nicotinuric acid in the urine. However, because of the 
positive findings of other workers and in order to establish further the 
validity of our assay procedure, the following experiment was carried out. 

Nicotinuric acid was added to water, to urine, to urine followed by 0.6 
N H.SO, hydrolysis, and to urine followed by 6 nN H:SO, hydrolysis. In 


TABLE I 
Recovery of Nicotinuric Acid 





Leuconostoc mesenteroides assay 

















lt idiiataie | 
Sample No. | Sample | Wissen hydtclssis a. | ee 
nicotinic acid nicotinuric acid 
| y per cc. N } ¥ per cc. per cent 
1 Water 1 | 0 
2 | | 1 0.6 | 0.017 1.7 
3 Urine 0 0.35 
4 “ 0 | 0.6 | 0.925 
5 “e 1 | 0.348 0 
6 as 1 0.6 | 0.93 0 
7 0 | 6 | 0.93 
1 6 | 1.76 | 83 





| @ 








the preceding paper it was shown that 0.6 Nn H2SO, completely hydrolyzes 
nicotinamide but does not hydrolyze nicotinuric acid in wa‘ r solutions. 
However, there was the possibility that nicotinuric acid might be hydrolyzed 
by 0.6 N H2SO, in the presence of urine. 6 N acid was used in order to 
insure some hydrolysis of nicotinuric acid so that an added amount could 
be partially recovered. From the data in Table I, it is evident that prac- 
tically no hydrolysis of nicotinuric acid occurs with 0.6 N H2SO, even it 
the presence of urine. The data also indicate the absence of nicotinuric 
acid, since 6 N H2SO, hydrolysis gave no increase in free nicotinic acid over 
that obtained with 0.6 Nn H,SO,, while added nicotinuric acid was largely 
recovered (83 per cent) after 6 N H.SO, hydrolysis. 

Table II gives the total daily excretion of nicotinic acid and its metabo- 
lites. There is a small increase in nicotinic acid excretion following 
nicotinamide dosage. It appears from Table II that 94 to 95 per cent of 
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the nicotinic acid excreted is in the form of N'-methylnicotinamide and 
only 5 to 6 per cent is excreted as the free acid and amide. 

Our failure to find any large immediate increase in the excretion of N'- 
methylnicotinamide following daily 50 mg. dosage of nicotinamide is in 
agreement with the work of Mickelsen (8) who found no increase in F; 
excretion following 10 mg. doses of nicotinic acid. 

During the experimental periods, the subjects were maintained 8 hours 
per day in a hot environment of 37.8° and 70 per cent relative humidity. 


TABLE II 


Daily Excretion of Nicotinic Acid and Its Metabolites; Estimated Daily Nicotinic 
Acid Plus Amide Intake 



































Uri F 2 | Ni-Methyl wae 
Period No. Subject volume nicotinic ———— | nicotin- | Total | _~-~» 
ce. me. me. 2 meg. = meg. z mg. 
I. No C 850 0.17 0.70 | 10.8 11.67 | 19.0 
dosage D 1616 0.40 1.28 42.3 | 44.0 | 30.0 
E 990 0.21 0.80 8.5 | 9.5 | 15.3 
| F 1130 0.17 0.87 | 13.1 | 14.1 | 20.1 
Average..................., 0.24 | 0.91 | 18.7 | 19.8 | 21.1 
Ee Ger 4.6 | 94.4 | 100 
1.50mg.| C 754 0.24 0.56 | 11.0 | 11.8 | 19.0450 
nico- D 1484 0.50 115 | 39.8 | 41.5 | 30.0 + 50 
tina- E 852 0.34 0.56 | 14.0 | 14.9 15.3 + 50 
mide F | 967 0.25 0.73 | 15.9 | 16.9 | 20.1 + 50 
per day | | | 
Ph, Hsu. dtea OSe 0.75 | 20.2 as i 2 
Ee ee 1.5 3.5 | 94.8 | 100 





* These estimates are made from the lower range of published values obtained by 
the microbiological assay method of Snell and Wright (5). 


The total skin excretion was collected for each 8 hour period. In order 
to determine the concentration of nicotinic acid and its metabolites in 
sweat, undiluted sweat was collected from each subject during 4 hour 
periods on the days following the end of each 5 day period. The sweat 
samples were stored and analyzed in the same manner as the urine samples. 
Table III summarizes the concentration data obtained for total nicotinic 
acid, free nicotinic acid, nicotinamide, and N'-methylnicotinamide in 
undiluted sweat. As in the case of urine, no nicotinuric acid was found 
In sweat, 

A summary of the daily skin excretion data on the 5 day collection 
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TaBLe III 1 
Concentration of Nicotinic Acid and Its Metabolites in Sweat t 
; 
The values are given in micrograms per cc. . 
Total —_ Free = a t! 
Period preceding collection | ¢):. tinic acic tinic aci Nicotin- | N'-Methyl- : 4, 
“of undiluted sw eat ;  —— —" open amide ae a . 
arabinosus)| teroides) n 
eae eee ‘ 7 ight ' ee p 
I. No dosage ( 0.046 0.035 0.011 
| D 0.096 | 0.087 | 0.009 Cs 
iE 0.031 | 0.017 0.013 0.059 0.089 
Fr 0.032 0.029 0.003 0.037 | 0.069 
Average .. 0.051 0.042 | 0.009 | 0.048 | 0.079 th 
% of total* 30 10 60 100 ni 
II. 50 mg. nicotinamide C 0.033 | 0.033 0.000 0.060 | 0.093 = 
per day D 0.064 0.060 0.004 0.159 0.223 
EK 0.064 0.050 0.014 0.048 | 0.112 fee 
F 0.047 0.049 0.000 0.090 | 0.137 of 
Average 0.052 0.048 0.004 | 0.089 | 0.141 of 
% of total . 34 3 63 100 as 
— ——— ex] 
* Based on Subjects E and F only. 54 
TABLE IV of 
8 Hour Excretion of Nicotinic Acid and Its Metabolites Through the Skin lar 
The values are given in mg. cov 
” , got 
ee —" N1!-Methyl- 
Period No. Subject —— — | — | Total 7 
— . = uaa hie 
I. No dosage Cc 0.097 0.025 0.268 0.390 acl 
D 0.160 | 0.022 | 0.345 | 0.527 nic 
Ek 0.109 0.031 0.371 0.511 tint 
F 0.116 0.024 0.407 0.547 ‘ 
ape o ‘ —| In ¢ 
Average. 0.120 0.025 0.348 | 0.494 
% of total 24.3 §.2 70.5 100 
II. 50 mg. nicotinamide per day C 0.080 0.046 0.299 0.425 . 
D ). 146 0.037 0.332 0.515 Nu 
E 0.168 | 0.060 | 0.365 | 0.504 hot 
F 0.137 0.041 0.308 | 0.486 2. 
Average 0.133 0.046 0.326 0.505 ntl 
% of total 26.3 | 9.1 | 64.6 {100 3. 
mm Der 
. ~ . . 
periods is given in Table IV, from which it appears that the amounts of 4. 
nicotinic acid and its metabolites that would be excreted in sweat under 5. 
are { 


conditions inducing profuse sweating throughout the day (i. e., data in 
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Table IV multiplied by 3 to convert them to the 24 hour basis) are too small 
to have any significant influence on the nicotinic acid requirements of 
persons subjected to a hot environment. It is interesting to note, however, 
that again N'-methylnicotinamide is the chief metabolite excreted. This 
isin contrast to the work of Sargent, Robinson, and Johnson (9) who found 
none. In sweat a higher percentage of the nicotinic acid excreted was 
present as the free acid and less as N'-methylnicotinamide than in the 
case of urine. 
DISCUSSION 

The results of these experiments confirm the findings of other workers that 
the principal excretory product of nicotinic acid metabolism is N'-methyl- 
nicotinamide which in our work amounted to over 94 per cent of the total 
excretion of nicotinic acid and metabolites in the urine. 

The 50 per cent increase in the excretion of free nicotinic acid after 
feeding nicotinamide was proved to be statistically significant (probability 
of less than 0.0069 by the method of “Student” (10)) and suggests that some 
of the nicotinamide fed is deaminated to free nicotinic acid and excreted 
assuch. Following 50 mg. daily doses of nicotinamide during the second 
experimental period, an average increase of only 1.5 mg. per day (maximum 
5.4) was excreted as N'-methylnicotinamide. Thus only about 3 per cent 
of the ingested nicotinamide was recovered in the urine, pointing to a 
large destruction and also possibly to storage in some form. Najjar and 
coworkers (11) have shown that there is a considerable capacity for storage 
of N'-methylnicotinamide in the dog. 

The absence of nicotinuric acid in the urine supports the view that 
nicotinuric acid excretion occurs only as a detoxication product of nicotinic 
acid when the latter is fed in large doses. The vasodilatory effect of 
nicotinic acid is well known and is not exhibited by nicotinamide or nico- 
tinuric acid. Melnick et al. (1) observed that nicotinuric acid was excreted 
in considerable amounts after 500 mg. doses of nicotinic acid. 


SUMMARY 


1. The excretion of nicotinic acid, nicotinamide, nicotinuric acid, and 
N'methylnicotinamide in the urine and sweat of four men subjected to a 
hot moist environment was studied. 

2. Over 94 per cent of the total nicotinic acid and metabolites excreted 
in the urine was in the form of N'-methylnicotinamide. 

3. 1 to 1.5 per cent was excreted as free nicotinic acid and 3.5 to 4.5 
per cent as nicotinamide. 

4. No nicotinuric acid was found in either urine or sweat. 

5. The amounts of nicotinic acid and its metabolites present in sweat 
ire too small to have any significant influence on the nicotinic acid re- 
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quirement of persons subjected to an environment which induces profuge 
sweating throughout the day. 
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LETTERS TO THE EDITORS 





GROWTH STIMULANTS IN THE LACTOBACILLUS 
ARABINOSUS BIOTIN ASSAY 
Sirs: 
It has recently been reported! that in the microbiological assay of biotin 
certain lipoidal substances act as growth stimulants for Lactobacillus caset. 


Apparent Biotin Content of Rice Polish Samples Corresponding to Different 
Concentrations of Extract 











Method of extract preparation 
Test organism ae = Hydrolysis of 
. P ydrolysis o 
me | Staples. | Mashaigeet | “elites 
mil. y per gm. y per gm. per gm. 
Lactobacillus casei 1.00 0.96 0.38 
2.00 0.76 0.36 
0.70 0.32 
3.00 0.73 0.33 
0.56 0.36 
Lactobacillus arabinosus 1.00 0.62 0.34 
2.00 0.57 0.34 
0.52 0.36 
3.00 0.74 0.32 
0.46 0.34 

















* Rice polish extract prepared by hydrolyzing 0.2500 gm. of rice polish in 50 ml. 
of normal sulfuric acid for 30 minutes at 15 pounds pressure: The pH was adjusted to 
6.6 to 6.8 and the sample diluted to 1 liter. 

t Hydrolysate prepared as described above and filtered through Whatman ashless 


fine filter paper. 
} Rice polish extracted with petroleum ether for 8 hours in a Soxhlet extractor 
prior to hydrolysis. Weight corrected for removal of fat. 


Previous investigators had observed similar effects in the assay of panto- 
thenic acid and riboflavin with the same organism.’ It is now found that 


‘Williams, V. R., and Fieger, E. A., Cereal Chem., 21, 540 (1944); Ind. and Eng. 
Chem., Anal. Ed., 17, 127 (1945). 

*Strong, F. M., and Carpenter, L. E., Ind. and Eng. Chem., Anal. Ed., 14, 909 
(1942). 
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the assay of biotin with Lactobacillus arabinosus is similarly sensitive to 

lipid growth stimulants present in rice polish, and the failure to remove 

such stimulants prior to assay leads to anomalies, as is shown in the table. 

An investigation of the nature of the lipid substances in rice polish produe. 

ing the stimulation is being continued. 

Depariment of Agricultural Chemistry and Biochemistry VIRGINIA R. Wittraws 
Louisiana Agricultural Experiment Station 


Louisiana State University 
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ON THE EFFECT OF DRUGS ON CHOLINESTERASE 


Sirs: 

The concept that the release and removal of acetylcholine are responsible 
for the nerve action potential is based essentially on studies of the enzyme 
cholinesterase. By testing the rate of a number of choline and non-choline 
esters a pattern has been recently established which makes it possible to 
distinguish the enzyme specific for acetylcholine from other esterases.’ 
All nerve tissues contain exclusively or predominantly the specific cholin- 
esterase in high concentrations. 

It appears of interest to test the affinity of certain drugs to cholinesterase 
fortworeasons. First, to see whether it differs from that of other esterases. 
If this is the case, it would be further support for the assumption of the 
specific character of cholinesterase. Secondly, to find out whether com- 
pounds known to be stimulants of the central nervous system have an 























| Cholinesterase | Unspecified esterase 
a Electric tissue | Ox beats a | e Sess esseen i | Guinea sie geaeee 
Concen- | sanip;. | Comcen-| yonini | Concen- | poi: | Concen- | poniys 
: Inhibi- ~o | Inhibi- | : Inhibi- : | Inhibi- 
| tration, | "tion |, tration, | “on” | tration | "iignt | tration, | tion 
| | | | 
| per cent | | per cent per cent | per cent 
; ee : D ccanl 
Ceffeine...........) 25 | 50 | 100 | 30 | 100 0 | 200 0 
Quinine... }100 | 50 | 100 | 33 | 25 | 5&1 | 5 | 8 
Quinidine | 50 50 | 100 | 22 | 1.25) 61 | 2.5 | 35 
Cocaine ..... | 100 25 | 20 | 27 | 12.5 | 51 | 12.5 | 82 
lobeline.... . . | 12.5 30 | 58 22 156; 50 | 3.12] 44 
| | | | | 





ifinity to cholinesterase. This may possibly be relevant to their mode of 
action. 

The inhibitory effect of a variety of drugs has been studied on four 
eizyme preparations. Two of them represent specific cholinesterase, one 
prepared from electric tissue, the other from the nucleus caudatus of ox 
brain. The esterases from horse serum and from guinea pig pancreas were 
wed as unspecified esterases. The first three preparations were purified ;? 
the pancreas esterase was used without any purification. 

Significant differences in affinity were found with a number of compounds 


'Nachmansohn, D., and Rothenberg, M. A., J. Biol. Chem., 168, 653 (1945). 
*Nachmansohn, D., and Rothenberg, M. A., in preparation. 
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shown in the table. As in the case of the specificity tests with choline and 
non-choline esters, the differences are mostly quantitative. Only caffeine 
and theobromine act exclusively on cholinesterase, an interesting fact jn 
view of their well known action as general stimulants of the central nervous 
system. The data of the table may suffice as an illustration, but they do 
not give a complete picture, since the increase (or decrease) of the inhibitory 
effect frequently does not occur in proportion to the change in drug con. 
centration. The weak effect of quinine on cholinesterase and its strong 
inhibition of other esterases may be of interest in connection with the strong 
antiesterase effect of atebrin.* 

Other drugs tested were found to be equally weak inhibitors of both 
types of esterases, e.g. nicotine, or relatively strong inhibitors, e.g. strych- 
nine and veratrine, acting in a concentration of the same order of magnitude 
on both types of esterase. 


Department of Neurology Davip NACHMANSORN 
College of Physicians and Surgeons HELEN SCHNEEMANN 
Columbia University 
New York 
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* Waelsch, H., and Nachmansohn, D., Proc. Soc. Exp. Biol. and Med., 6A, 336 
(1943). 
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COMPETITIVE INHIBITION OF PROCAINE CONVULSIONS BY 
ITS SPLIT-PRODUCTS 


Sirs: 

In experiments on the metabolic fate and mode of action of local anes- 
thetics, we investigated the effect of the split-products of procaine upon 
the typical convulsive action of the drug in guinea pigs. There is evidence! 
to support the assumption that procaine is split in the body to p-amino- 
benzoic acid (PABA) and diethylaminoethanol (DEAE). It was found that 
100 mg. per kilo of procaine hydrochloride, equal to 0.364 mm per kilo, 
given intramuscularly to guinea pigs produced convulsions in 80 per cent 
of the animals within 5 to 15 minutes. If, however, the procaine was 
given 30 minutes after an intraperitoneal injection of 400 mg. per kilo of 
PABA (as the sodium salt), equal to 2.9 mm per kilo, the convulsions oc- 
curred in only 15 per cent of the animals and were less intense. In 
analogous experiments, in which 400 mg. per kilo, equal to 3.42 mm per 
kilo, of DEAE (as the hydrochloride) were injected before the procaine, 
the incidence of convulsions was reduced to approximately 8 per cent and 
the severity of the seizures was markedly decreased. Smaller amounts 
of either PABA or DEAE afforded less or no protection against the con- 
vulsive action of procaine. Larger amounts of the split-products were 
necessary to protect the animals if the dose of procaine was raised. 

Both DEAE and PABA are tolerated by the animals in large doses with- 
out eliciting noticeable symptoms. It was also found that these com- 
pounds do not exert an anticonvulsive action against metrazole. The 
present observations lend support to the assumption that the two split- 
products of procaine attach themselves to the same receptors on which 
procaine acts. This competition may take place directly on the cells of 
the central nervous system or may occur on some intermediary enzyme 
component such as cholinesterase. Studies devised to shed further light 
on this observation are in progress. 


Department of Pharmacology Ricuarp K. Ricwarps 
Abbott Laboratories 
North Chicago 
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'Thieulin, J., J. pharm. et chim., 22, 463 (1920). Fosdick, L. 8., and Hansen, H. 
L., Dent. Cosmos, 73, 1082 (1931). 
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ISOCITRIC DEHYDROGENASE AND CARBON DIOXIDE 
FIXATION* , 


Sirs: 
The biological breakdown of 1-isocitric acid to a-ketoglutaric acid and 
(0, has been assumed to take place through enzymatic dehydrogenation 


to oxalosuccinie acid, followed by spontaneous decarboxylation of the 


latter: Adler et al.2 demonstrated that triphosphopyridine nucleotide 


(TPN) and manganese ions are components of the system. 


We have now shown that crude solutions of isocitric dehydrogenase con- 
tain two distinct enzymes that catalyze reversible Reactions 1 and 2. 


i) COOH-CH,-CH-CHOH-COOH + TPNox. @ 
COOH 
Isocitric acid 
COOH-CH,-CH-CO-COOH + TPNvrea. 
COOH 
Oxalosuccinie acid 
2) COOH-CH.-CH-CO-COOH = COOH-CH;-CH,;-CO-COOH + COs 


COOH 
Oxalosuccinic acid a-Ketoglutaric acid 


Reaction 1 is catalyzed by isocitric dehydrogenase and occurs in the 
absence of Mn*+. Reaction 2 is catalyzed by a specific enzyme, oxalo- 
succinic carboxylase,* and requires Mn++. Summation of the two activ- 
ities gives Reaction 3. 

3) COOH-CH,-CH-CHOH-COOH + TPNox. @ 


COOH 
COOH-CH,-CH,-CO-COOH + CO, + TPNrea. 


The enzyme solution used was a dialyzed extract of washed acetone- 
dried pig heart free from aconitase. Reactions 1 and 3 were followed by 
spectrophotometric measurement of TPNyea. at 340 mu. 


* Supported by grants from the Rockefeller Foundation, the Penrose Fund of the 
American Philosophical Society, the Williams-Waterman Fund of the Research Cor- 
poration, and Hoffmann-La Roche, Inc. 

‘Martius, C., Z. physiol. Chem., 247, 104 (1937). However, Evans (Harvey Lectures, 
99, 285 (1943-44)) suggested that the decarboxylation might be enzymatic. 

* Adler, E., von Euler, H., Giinther, G., and Plass, M., Biochem. J., 33, 1028 (1939). 

‘Ochoa, S., and Weisz-Tabori, E., J. Biol. Chem., 159, 245 (1945). 
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In the absence of Mn*+, TPNyea. (formed on mixing isocitric acid, hear 
enzyme, and TPN, ) is reoxidized on addition of oxalosuccinie agig 
(Reaction 1). In the presence of Mn**, reoxidation can be brought aboy 
by a-ketoglutaric acid plus CO; (Reaction 3). If TPN is reduced with gly. 
cose-6-phosphate and Zwischenferment,’ reoxidation is caused by a-keto. 
glutaric acid plus CO, only after adding heart enzyme and in the preseng 
of Mn**. 

The equilibrium constant of Reaction 1, K, = (1-isocitrate)(TPN,,) 
(oxalosuccinate)(TPN rea.), is about 0.3 at pH 7 and 22°. That of Reaction 
3, K = (l-isocitrate)(TPN.-~.)/(a-ketoglutarate)(CO2)(TPNyea.) at widely 
different concentrations of reactants (CO, in the atmosphere in equilibrium 
with the reaction mixtures from 2.8 to 47 per cent), has an average valy 
of 1.3 X 10-‘ at pH 7 and 22°. Hence the equilibrium constant of the 
oxalosuccinic carboxylase (Reaction 2) is K2 = (oxalosuccinate) /(a-ketoglu- 
tarate)(CO,.) = K/K, = 14 X 10°-*/0.3 = 0.5 X 10°. 

The equilibrium of Reactien 3 can be shifted to the left, 7.c. toward C0, 
fixation, by combination with the glucose-6-phosphate dehydrogenas 
system. In this case TPN... is reduced according to the reaction, glu- 
cose-6-phosphate + TPN.x. — 6-phosphogluconate + TPNyea.. The 
net result is the dismutation, a-ketoglutarate + CO: + glucose-6-phos- 
phate = l-isocitrate + 6-phosphogluconate. The isocitrate formed in 
this dismutation was determined with isocitric dehydrogenase. 

Further displacement of equilibrium, favoring carboxylation of a-kete 
glutaric acid, would occur in the presence of aconitase, since over 90 per 
cent of the isocitric acid would be removed to form cis-aconitate and ¢- 
trate.6 Thus the aconitase-isocitric dehydrogenase-oxalosuccinic carboxy- 
lase system might play an important part in the biologieal utilization of 

COp. 


Departments of Chemistry and Medicine SevERO Ockos | 
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‘ Oxalosuccinic acid has been prepared for the first time by cold acid hydrolysis of 
its triethyl ester and isolated as the barium salt. The ester was prepared by the 
method of W. Wislicenus and M. Waldmiiller (Ber. chem. Ges., 44, 1564 (1911)). 

5 Kindly supplied by Dr. Erwin Haas. 

* Martius, C., and Leonhardt, H., Z. physiol. Chem., 278, 208 (1943). 
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OXALOSUCCINIC CARBOXYLASE* 


Sirs: 
As stated in the foregoing Letter! crude solutions of isocitric dehydro- 


genase from pig heart contain, in addition to the dehydrogenase, an enzyme 
that catalyses the reversible reaction 


COOH-CH,-CH-CO-COOH = COOH-CH,:-CH;-CO-COOH + CO, 
COOH 
Oxalosuccinic acid a-Ketoglutaric acid 
To the right, 7.e. decarboxylation of oxalosuccinic acid, the reaction can 
be followed manometrically, and, since oxalosuccinic acid is relatively 


unstable in aqueous solution, it is best to study the enzymatic breakdown 
at low temperature, viz. 12-14°. 


Enzymatic Decarborylation of Oxalosuccinic Acid 
0.018 m citrate buffer, pH 5.6, and 19 micromoles of either oxalosuccinic or oxalo- 
acetic acid (equivalent to 425c.mm. of CO;) ina final volume of 2.8 cc. Enzyme, 1.0 
ce. of dialyzed extract of washed, acetone-dried, pig heart containing about 5 mg. 
of protein. Substrates tipped in from the side bulb of the Warburg vessels after 
temperature equilibration. Gas, air. 

















CO: evolved in 15 min. 
Additions 
@ Oxalosuccinate (14°) Oxaloacetate (25°) 
c.mm. c.mm. 

Re, Oe eee ee 54 37 
I clk a a a oe cele 76 38 
a i 67 37 

meer we MOONS as BinCle. .. 26.0 oc cccsccess 314 42 
Heated enzyme (2 min. at 100°) + 0.0013 m 

MnCl. Ditied Sith «as d0d444 bet ROWE eee ade een | 62 





The enzyme is thermolabile and acts only in the presence of manganese 
ions. Since the heart extracts do not catalyze the decarboxylation of oxalo- 
acetic acid, oxalosuccinic carboxylase is a specific enzyme. 

In comparison with manganese at the same molar concentration, magne- 
sium has almost no effect on the enzymatic decarboxylation of oxalosuccinic 


*Supported by grants from the Rockefeller Foundation, the Penrose Fund of the 
American Philosophical Society, the Williams-Waterman Fund of the Research Cor- 
poration, and Hoffmann-La Roche, Inc. 

Ochoa, S., J. Biol. Chem., 159, 243 (1945). 
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acid. Similar results were obtained by Evans et al.* with the oxaloacetig 
‘sarboxylase from pigeon liver. 

The rate of enzymatic decarboxylation of oxalosuccinic acid is propom | 
tional to the enzyme concentration. The carboxylase can be precipitated 
from aqueous solutions with acetone without loss of activity, and is almost 7 
completely precipitated by acidification to pH 5.2, which must therefor” 
be close to the isoelectric point of the enzyme. 

The spontaneous (non-enzymatic) decarboxylation of oxalosuccinic aed 
has been studied under various conditions in comparison with that of oxale > 
acetic acid. At 25° and pH 5.1 (acetate buffer) the first order velocity 9 
constant of decarboxylation of oxalosuccinic acid was kos, = 1.4 X 10%, 
that of oxaloacetic decarboxylation ko,4, = 1.5 XK 10-°%. 

As reported by Krebs’ for oxaloacetic acid, we found that polyvalent 7 
cations such as Cut*, Fet+*, Fet+**, and Al*** (1 X 107-* o) greatly acceler. 7 
ate the spontaneous decarboxylation of oxalosuccinic acid. At the same 
concentration, however, Ca++, Mg**, and Mn** have very little effect. 
The decarboxylation of oxalosuccinic acid is also markedly accelerated by 
aniline. 


Departments of Chemistry and Medicine SEevERO OcHoa 
New York University College of Medicine Erna Wetsz-TaBoni 
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? Evans, E. A., Jr., Vennesland, B., and Slotin, L., J. Biol. Chem., 147, 771 (1943), 
’ Krebs, H. A., Biochem. J., 36, 303 (1942). 





